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How to use this book 


Each chapter begins with a short list of the 
facts and concepts that are explained in it. 


There is a short context at the beginning of each chapter, contai 
how the material covered in the chapter relates to the ‘real 







Describing movement 

Our eyes are good at detecting movement. We notice 
even quite small movements out of the corners of 
our eyes. It’s important for us to be able to judge 
movement - think about crossing the road, cycling or 
driving, or catching a ball. 

Figure 1.1 shows a way in which movement can 
be recorded on a photograph. This is a stroboscopic 
photograph of a boy juggling three balls. As he : 'es, 

a bright lamp flashes several times a second 
the camera records the positions of the balls 
intervals of time. 

If we knew the time between flashes, we could 
measure the photograph and calculate the speed of a 
ball as it moves through the ?' 


£&& * vJUM 

I ^ •' 

I I? * 0 * 

e 1.1 This boy is juggling thr 'stroboscopic 

shes at regular interval a is moved to one 

‘ i ady rate to show .ages of the boy. 


Figure 13.3 illustrates the following important 
definitions about waves and wave motion. 


^cratior 

that you need to knov 
well, are arrang^ in 1 


The distance of a point on the wave from its undisturbed 
position or equilibrium position is called the displacements 
The maximum displacement of any point on the wave 
from its undisturbed position is called the am pljj 
Amplitude is measured in metres. The greater the ampliti 
of the wave, the louderthe sound orthe rougher the sea! 
The distance from any point on a wave to the next exactly 
similar point (e.g. crest to crest) is called the wavelength A 
(the Greek letter lambda). Wavelength is iS^ally measui 
in metres. 

The time taken for one complete oscillation of aWint in a 
wave is called the period T. It is the time taken for aWint to 
move from one particular position and return to that s; 
position, movina^^e same direction. It is measured in 
seconds (s). 

Thenuml^r of oscillations peri 
wave is caled its frequency f. F< *her 

the frequency of a musical note 
Frequency is measured in hertz (Hz), where 1 Hz = one 

oscillation persecond (lkHz = 10 3 Hzand lMHz = 10 6 Hz). 

The frequency r of a wave k the reciprocal of the period T: 




describefcnd explain all ofthe fact.fand concepts 
oft en the co^^rc within them as 
ueiPe as in your syllabus. 


Questions throughout the text 
give you a chance to check that 
you have understood the topic 
you have just read about. You 
can find the answers to these 
questions on the CD-ROM. 


Youjj@|i^k.easure the frequency of sound waves 
ising a cathode-ray oscilloscope (c.r.o.). Figure 13.6 

snWs ho' 

A^^rophone is connected to the input of the 
r.o. Sound waves are captured by the microphone 
id converted into a varying voltage which has the 
same frequency as the sound waves. This voltage is 
displayed on the c.r.o. screen. 

It is best to think of a c.r.o. as a voltmeter which 
is capable of displaying a rapidly varying voltage. To 
do this, its spot moves across the screen at a steady 
speed, set by the time-base control. At the same 
time, the spot moves up and down according to the 
voltage of the input. 

Hence the display on the screen is a graph of the 
varying voltage, with time on the (horizontal) x-axis. 
If we know the horizontal scale, we can determine 
the period and hence the frequency of the sound 
wave. Worked example 1 shows how to do this. (In 
Chapter 15 we will look at one method of measuring 
the wavelength of sound waves.) 



Figure 13.4 The impact of a droplet on the surface of a liquid 
creates a vibration, which in turn gives rise to waves on the 
surface. 


Figure 13.6 Measuring the frequency of sound waves 
from a tuning fork. 


° riainal 


I material 


©Ca, 


mbridae Universitv Press 201 


This book does not contain 
detailed instructions for doing 
particular experiments, but you 
will find background information 
about the practical work you 
need to do in these Boxes. 

There are also two chapters, P 1 
and P 2 , which provide detailed 
information about the practical 
skills you need to develop during 
your course. 


lx 


Important equations and other 
facts are shown in highlight boxes. 


For an object of mass m travelling at a speed v, we have: 
kinetic energy= j x mass x speed 2 
E k - jmv 2 




































How to use this book 


Wherever you need to know how to use a formula to carry out a calculation, 
there are worked example boxes to show you how to do this. 




WORKED EXAMPLES 


2 A straight wire of length 0.20 m moves at a steady speed 
of 3.0 ms -1 at right angles to a magnetic field of flux 
density 0.10T. Use Faraday’s law to determine the e.m.f. 
induced across the ends of the wire. 

Step 1 With a single conductor A/ = 1. To determine the 
e.m.f. E, we need to find the rate of change of magnetic 
flux; in other words, the change in magnetic flux per 
second. 


3 This example illustrates one way in which the flux 
density of a magnetic field can be measured, shown in 
Figure 28.18. 


search coil 


3.0 m s _1 


€ 


6 = 0.10 T 



to datalogger 


Figure 28.17 A moving wire cuts across the magnetic 
field. 

Figure 28.17 shows that, in 1.0s, the wire travels 3.0 m. 
Therefore: 

change in magnetic flux = B x change in area 
change in magnetic flux = 0.10 x (3.0x 0.20) 

= 6.0><iO" 2 Wb 

Step 2 Use Faraday’s law to determine the e.m.f. 

A (NO) 


AO = 6.0 x io~ 2 Wb and At=1.0s 


The induced e.m.f. across the ends of the wire is about 
60 mV. 


Figure 28.18 A search coil can be moved into and out 
of a magnetic field to detect magnetic flux. 

A search coil of wire having 2500 turns and of area 
1.2 cm 2 is placed between the poles of a magnet so 
that the magnetic flux passes perpendicularly through 
the coil. The flux density of the field is 0.50T. The coil is 
pulled rapidly out of the field in a time of 0.10s. What 
average e.m.f. is induced across the ends of the coil? 

Step 1 When the coil is pulled from the field, the flux 
linking it falls to zero. We have to calculate the magnetic 
flux linking the coil when it is in the field. 

To convert cm 2 into m 2 , multiply by a f tor of 10“ 
HenceA = 1.2xio -4 m 2 
magnetic flux linkage -NO-B/ 

- 0.50ix 1.2 x 

magnetic flux linkage = 0.15 Wb 

Step 2 Now calculate the induced e 
law of electromagnetic ir^luction. 

A(NO) = 0.15Mb and At^.lOs 

magnitude of inckjced e.m.f. = rate of change of flux 

linkaj 




The metre, kilogram anasecond are three of the seven SI 
>ase units. These are defined with great precision so that 
:ry standards laboratory can reproduce them correctly. 


You will also find definitions of 
these words in the Glossary. 


base units Defined units of the SI system from which 
other units may be derived. 


There is a summary of 
key points at the end 
of each chapter. You 
might find this helpfi 
when you are revi^Ag 


Electric currem 

metal this is due^the flow of electrons. I 
electrolyte, the flow of positive and negative ioTfl 
produces the current. 

irection of convention MSIM it i« 
native; the direction of ela 

il unit of charge is tlfc^ulomb (C). One coulomb 

charge which passes a poifit when a current of 



The term electromotive force (e.m.f.) is used when 
charges gain electrical energy from a battery or 
similar device. 

It is also defined as the energy transferred per unit 
charge. 

E=^ or AW=EAQ 

A volt is a joule per coulomb. That is, 1V = 1J C -1 . 
Power is the rate of energy transfer. In electrical 
terms, power is the product of voltage and current. 
That is, P = VI. 


_ Ler begin with a few multiple choice questions, then move on to 

IfuestionstJ^t will h%gyou il orga> ise and practice what you have learnt in that chapter. Finally, 
there several more femanrling^xam -style questions, some of which may require use of 

knowledge frg^^^^^«hapWs. Answers to these questions can be found on the CD-ROM. 


Figure 15.19 shows a stationary wave on a string. 



vibrator 

Figure 15.19 For End-of-chapter Question 1. 

a On a copy of Figure 15.19, label one node (N) and one antinode (A). 

b Mark on your diagram the wavelength of the standing wave and label it A. 

c The frequency of the vibrator is doubled. Describe the changes in the standing wave pattern. 

A tuning fork which produces a note of 256 Hz is placed above tube which is nearly filled with water. 
The water level is lowered until resonance is first heard, 
a Explain what is meant by the term resonance. 

b The length of the column of air above the water, when resonance is first heard is 31.2 cm. 
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define displacement, speed and velocity 
draw and interpret displacement-time graphs 
describe laboratory methods for determining speed 
use vector addition to add two or more vectors 


earning outcomes 


should be able to: 


















AS Level Physics 




Speed 


We can calculate the average speed of something mo 1 
we know the distance it moves and the time it tak< 


average speed = 


distance 


time 

In symbols, this is written as: 
d 

v = — 
t 

where v is the average speed and d is tffe distance 
in time t. The photograph (Figure 1.2) shows Eth 


Kenenisa Bekele 
breaking the world 
The time on the 
work out his average 
If the object is 


If you look at the speedometer in a car, it doesn’t 
t£ll you the car’s average speed; rather, it tells you its 
speea at the instant when you look at it. This is the car’s 

stant^^^^Beed. 


the scoreboara after 
10000 met 


. If its 
gives us its average 
over a period of time. 


l Look at Figure 1.2. The runner ran 10000 m, and 
the clock shows the total time taken. Calculate his 
average speed during the race. 


Units 

In the Systeme Internationale d’Unites (the SI system), 
distance is measured in metres (m) and time in seconds (s). 
Therefore, speed is in metres per second. This is written as 
ms -1 (or as m/s). Here, s -1 is the same as 1/s, or per second’. 

There are many other units used for speed. The choice of 
unit depends on the situation. You would probably give the 
speed of a snail in different units from the speed of a racing 
car. Table 1.1 includes some alternative units of speed. 

Note that in many calculations it is necessary to work 
in SI units (ms -1 ). 


Figure 1.1 ThL iggling three balls. A strobo^. c 

lamp flashes at re^ °rvals; the camera i c novea to one 
side at a steady rate l ~eparate imag' .e boy. 


Describing movement 


Our eyes are good at detecting movement. We notice 
even quite small movements out of the corners of 
our eyes. It’s important for us to be able to judge 
movement - think about crossing the road, cycling or 
driving, or catching a ball. 

Figure 1.1 shows a way in which movement can 
be recorded on a photograph. This is a stroboscopic 
photograph of a boy juggling three balls. As hejuggles, 
a bright lamp flashes several times a second so that 
the camera records the positions of the balls at equal 
intervals of time. 

If we knew the time between flashes, we could 
measure the photograph and calculate the speed of a 
ball as it moves through the air. 


Figure 1.2 Ethiopia’s Kenenisa Bekele set a new world record 
for the 10000 metres race in 2005. Original material ©CambridiaWBilefeitVff'ites©fap^ed. 


ms -1 

metres per second 

cms ' 1 

centimetres per second 

kms -1 

kilometres per second 

km h 1 or km/h 

kilometres per hour 

mph 

miles per hour 














Chapter 1: Kinematics - describing motion 


Here are some units of speed: 

ms -1 mms" 1 kms 1 kmh 1 mph 

Which of these units would be appropriate when 
stating the speed of each of the following? 

a a tortoise 

b a caron a long journey 
c light 
d a sprinter 
e an aircraft. 

Asnail crawls 12cm in one minute. What is its 
average speed in mms -1 ? 


BOX 1.1: Laboratory measurements of speed 


Here we describe four different ways to measure the< 
speed of a trolley in the laboratory as it travels along a 
straight line. Each can be adapted to measure the speed 
of other moving objects, such as a glider ojj an airtrac 
ora falling mass. 

Measuring speed using twoJlight gates! 

The leading edge of the card in^igure 1.3 breaks tVie light 
beam as it passes the first light gate. This starts the timer. 
The timer stops when the front or the card breaks the 
second beam. The trolley’s speed is calculated fr^n the 
time interval and the distance between the light gates. 


Determining speed 

You can find the speed of something moving by measuring 
the time it takes to travel between two 
example, some motorways have emer 
every 2000 m. Using a stopwatch 
this distance. Note that this can, 
average speed between the t 
whether it was increasing its 
moving at a constant speed. 


points. For 
bphones 
le a car over 




stop 



Figure 1.4 Using a single light gate to find the average 
speed of a trolley. 

Measuring speed using a ticker-timer 

The ticker-timer (Figure 1.5) marks dots on the tape at 
regular intervals, usually s (i.e. 0.02s). (This is because 
it works with alternating current, and in most countries 
the frequency of the alternating mains is 50 Hz.) 

The pattern of dots acts as a record of the trolley’s 
movement. 


power supply 


? average speed 

Measuring speed using one light gate 

The timer in Figure 1.4 starts when the leading edge 
freaks the light beam. It stops when the 
trailing edge passes through. In this case, the time 
shown is the time taken for the trolley to travel a 
distance equal to the length of the card. The computer 
software can calculate the speed directly by dividing 
the distance by the time taken. 

Original material © Cambridge University Press 2014 



Figure 1.5 Using a ticker-timer to investigate the motion 
of a trolley. 
















AS Level Physics 


BOX 1.1: Laboratory measurements of speed (continued) 


Start by inspecting the tape. This will give you a 
description of the trolley’s movement. Identify the start 
of the tape. Then look at the spacing of the dots: 

■ even spacing - constant speed 

■ increasing spacing - increasing speed. 

Now you can make some measurements. Measure the 
distance of every fifth dot from the start of the tape. 
This will give you the trolley’s distance at intervals 
of 0.1s. Put the measurements in a table and draw a 
distance-time graph. 

Measuring speed using a motion sensor 

The motion sensor (Figure 1.6) transmits regular pulses 
of ultrasound at the trolley. It detects the reflected 
waves and determines the time they took for the trip 
to the trolley and back. From this, the computer can < 
deduce the distance to the trolley from the motion 
sensor. It can generate a distance-time graph. You can 
determine the speed of the trolley from this graph. 


distance and displacement, 
scalar and vector 

In physics, we are often concerned with the distance 
moved by an object in a particular direction. This is called 
its displacement. Figure 1.8 illustrates the difference 
between distance and displacement. It shows the route 
followed by walkers as they went from town A to town C. 
Their winding route took them through town B, so that 
they covered a total distance of 15 km. However, their 
displacement was much less than this. Their finishing 
position was just 10 km from where they started. To give a 
complete statement of their displacement, we need to give 
both distance and direction: 

displacement = 10 km 30° E of N 

Displacement is an example of a vector quantity. A 
vector quantity has both magnitude (size) and direction. 
Distance, on the other hand, is a scalar quantity. Scalar 
quantities have magnitude only. 



nods for determining the speed of a 
ing trolley nave been described. Each could 
be adapteato investigate the motion of a falling 
mass. Choose two methods which you think 
would be suitable, and write a paragraph for each 
to say how you would adapt it for this purpose. 




sensor 

Figure 1.6 Using ayyiotion sensor to investigaf 
of a trolley. 

Choosing the Best method 

Eaduof these methods for finding the speed ofa trolley 
s its merits. In choosing a method, you might think 
aboixthe following points: 

Does theinethod give an averijf^value of speed 
or can it be used to give the speed of the trolley at 
different|Points along its journey? 

precisely does the method measure time - to the 
nearest mi |econd? 

ow simple and convenient is the method to set up in 
laboratifry? 
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Chapter 1: Kinematics - describing motion 



7 Which of these gives speed, velocity 
displacement? (Look back at the^ 
these quantities.) 

a The ship sailed south- 

I averaged 7 mph during tf# marathi 

The snail crawled ar 
edge of a bench. 

The sales representative’s' 

420 km. 


tanceor 
ns of 


Figure 1.8 If you go on a long walk, the distance you travel 
will be greater than your displacement. In this example, the 
walkers travel a distance of 15 km, but their displacement is 
only 10 km, because this is the distance from the start to the 
finish of their walk. 


Speed and velocity 

It is often important to know both the speed or an 
object and the direction in which it is moving. Speed 
and direction are combined in another quantity, caller 
velocity. The velocity of an objecLcan be thought ofas 
its speed in a particular direction So, like displaceme^ 
velocity is a vector quantity. Speed is the correspond! 
scalar quantity, because it does not have a directio: 
to give the velocity Q^jmething, we havelb state the 
direction in whida it is moving^For example^n airc: 
flies with a velocity of 300 m s -1 due north. Since velo 
a vector quantity, it is demnecWn terms of displacement: 

change in di^plaq 

le taken 

lternativell^, we can say that velocity is the rate of change 
of an octet's displacement. From now on, you need to be 
fear aboi^the distir^tiombetween velocity and speed, 
and between displacement and Instance. Table 1.2 shows 


equaTion for velocity in symbols: 



velocity = 


the standard symbe 

4s arid units for these quantities. 

Quant^v^^^ 

Symbol for 
^quantity 

Symbol for unit 

distance 

d 

m 

displacement 

s,x 

m 

time 

t 

s 

speed, velocity 

V 

ms -1 


Table 1.2 Standard symbols and units. (Take care not to 

confuse italic s for displacement with s for seconds. Notice 

also that v is used for both speed and velaqgttydl material © Cambridge 


juation for velocity is: 

range in displacement 

time taken 

Notqthat we are using As to mean change in displace- 
ent s’. The symbol A, Greek letter delta, means change 
in nit does not represent a quantity (in the way that s does); 
.it is simply a convenient way of representing a change in a 
quantity. Another way to write As would be s 2 - s v but this 
is more time-consuming and less clear. 

The equation for velocity, v = can be rearranged 

as follows, depending on which quantity we want to 
determine: 

change in displacement As = v x At 

change in time At = — 
v 

Note that each of these equations is balanced in 
terms of units. For example, consider the equation 
for displacement. The units on the right-hand side are 
m s -1 x s, which simplifies to m, the correct unit for 
displacement. 

Note also that we can, of course, use the same 
equations to find speed and distance, that is: 
d 

v "7 

distance d = vxt 


Univirslf^Pi 


fy Pre^s 2014 
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WORKED EXAMPLES 


A car is travelling at 15 m s h How far will it travel in 
1 hour? 

Step 1 It is helpful to start by writing down what you 
know and what you want to know: 

v -15 m s -1 
f = 1 h = 3600s 
cf = ? 

Step 2 Choose the appropriate version of the 
equation and substitute in the values. Remember 
to include the units: 

d = v*t 
= 15x3600 
= 5.4 x 10 4 m 
= 54 km 

The car will travel 54 km in 1 hour. 

The Earth orbits the Sun at a distance of 
150000000 km. How longdoes it take light from 
the Sun to reach the Earth? 

(Speed of light in space = 3.0 x io 8 m s -1 . 

Step 1 Start by writing what you know. Take c 
with units; it is best to work in m anc^. You need 
be able to express numbers in scientific notation 
(using powers of 10) and to wq|k with these on^c 
calculator. 
v = 3.0 x 10 8 m s 1 
d = 150000000 km 
= 150000000 
= 1.5 x 10 11 


Making the most of units 

In Worked example 1 and Worked example 2, units have 
been omitted in intermediate steps in the calculations. 
However, at times it can be helpful to include units'as this 
can be a way of checking that you have .used the correct 
equation; for example, that you hayg 
quantity by another when you si 
them. The units of an equation ] 

numerical values on each side of the^quation must be equal.^ 
If you take care with units, you { 
out calculations in non-SI units, such as kilometr 
hour, without having to convert to metres arm seconds. 

For example, how far does a spacecraft travel 
40000kmfr 1 travel in on£ day? Since ther^^ 24 hours in 
one day, wfe.have: 
istance travelled 


A submarine uses sonar to measure the depth of 
water below it. Reflected sound waves are detected 
0.40s after they are transmitted. How deep is the 
water? (Speed of sound in water = 1500 ms -1 ' 

e Earth takes one year to orbit the Sun at a 
dS||ance of 1.5 x io 11 m. Calculate its speed. Explain 
ly this is its average speed and not its velocity. 




linutes) to travel from 


Wo calculate the time t, 


l therollowing sequence: 
\P][8] 


M [3] m [8] 


Displacement-time graphs 

We can represent the changing position of a moving object 
by drawing a displacement-time graph. The gradient 
(slope) of the graph is equal to its velocity (Figure 1.9). 

The steeper the slope, the greater the velocity. A graph 
like this can also tell us if an object is moving forwards or 
backwards. If the gradient is negative, the object s velocity 
is negative - it is moving backwards. 

Deducing velocity from a displacement¬ 
time graph 

A toy car moves along a straight track. Its displacement at 
different times is shown in Table 1.3. This data can be used 
to draw a displacement-time graph from which we can 
deduce the cars velocity. 


Displacement/m 

1.0 

3.0 

5.0 

7.0 

7.0 

7.0 

Time/s 

0.0 

1.0 

2.0 

3.0 

4.0 

5.0 


Original material © CambrididUfli^eftit^P^dfeDieint (s) and time (t) data for a toy car. 
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The straight line shows that the 
object’s velocity is constant. 


The slope shows which object is 
moving faster. The steeper 
the slope, the greater the velocity. 


The slope of this graph is 0. 

The displacement s is not changing. 
Hence the velocity v = 0. 

The object is stationary. 


This displacement-time graph is 
curved. The slope 1 
This means that the object’s 
velocity is changing - this 
is considered in Chap 1 



The slope of this graph suddenly 
becomes negative. The object is 
moving back the way it came. 

Its velocity v is negative after time T. 


_ 

0 

t 


high v 


low V 

0 

t 

▲ ^ 

6 


51 



T t 

/ 



a displacement-time (s-f) graph tells 
ovir 


It is useful to look at the data first, to see the pattern 
of the cars movement. In this case, the displacement 
increases steadily at first, but after 3.0 s it becomes 
constant. In other words, initially the car is moving at a 
steady velocity, but then it stops. 

Now we can plot the displacejj 
(Figure 1.11). 

We want to work out the^ 
first 3.0 seconds. We can do i 
gradient of the graph, because: 

velocity = gradient of displacemen?-time | 



Hacement-time graph for a toy car; data as 
1.3. 


Iraw a right-angled triangle as shown. To find the 
scar’s velocity, we divide the change in displacement by the 
change in time. These are given by the two sides of the 
triangle labelled As and At 


, . change in displacement 

velocity v =---f- 

time taken 


v = 


As 

At 

(7.0 


1 . 0 ) _ 6.0 


= 2.0ms 


(3.0 - 0) 3.0 

If you are used to finding the gradient of a graph, you may 
be able to reduce the number of steps in this calculation. 
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10 The displacement-time sketch graph in Figure 
1.10 represents the journey of a bus. What does 
the graph tell you about the journey? 


0 


0 t 

Figure 1.10 For Question 10. 

11 Sketch a displacement-time graph to show your 
motion for the following event. You are walking at 
a constant speed across a field after jumping off a 
gate. Suddenly you see a bull and stop. Your frigid 
says there’s no danger, so you walk on at a reduce 
constant speed. The bull bellows, and you run back 
to the gate. Explain how each section of th^walk 
relates to a section of your graph. 

12 Table 1.4 shows the displacem 
different times as it travels a. 
during a speed trial. 

a Determine the car’s velocity." 

b Draw a displacement-time grap 
find the car’s velocity. 


Combining d 


.own in Figure 1.12 
avigate frori 
ot' 

tancithat 




crossing difficult 
ominent point to the 
t lines. From the map, 
hey travel and their 


Displacement/m 

0 

85 

no 

255 

340 

Time/s 

0 

1.0 

A 

P^O 

4.0 


Table 1.4 Displacement (s) 

Question 12. 

13 An old cartravelsduesou 
travels at hourly intervals is 

a Draw a distance-time graph 
car’s journey. 

b From the graph, deduce the car’s sp 
kmH" 1 duringthe first three hours of th 
journe 

at is th"k car’s average speed in k 
during.the wrrolejourjey? 




Time/h 

Distance/km 

m 



23 

K 2 

46 

ti 

69 

_ 

84 


Data for Question 13. 


river 

bridge 


map; measure thread against 


sment 

travelled 

(Lay threa^along 
map 

disp 1 15 km north-east 

(Join starting and finishing points with straight line; 
measure line against scale.) 

A map is a scale drawing. You can find your displacement 
by measuring the map. But how can you calculate your 
displacement? You need to use ideas from geometry and Figure 1.12 In rough terrain, walkers head straight for a 

trigonometry. Worked examples 3 and 4 sbagrdaDWaterial © CambridBecunltWBl^arrcteBaKkM 




6 

START 


1 2 3 4 5 km 
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WORKED EXAMPLES 


3 A spider runs along two sides of a table (Figure 1.13). 
Calculate its final displacement. 


1.2 m 


0.8 m 


north 



-east 


Figure 1.13 The spider runs a distance of 2.0 m, but 
what is its displacement? 

Step 1 Because the two sections of the spider’s run 
(OA and AB) are at right angles, we can add the two 
displacements using Pythagoras’s theorem: 

OB 2 = OA 2 + AB 2 

= 0.8 2 + 1.2 2 = 2.08 
OB = V 2.08 = 1.44 m = 1.4 m 

Step 2 Displacement is a vector. We have foi 
magnitude of this vector, but r 
direction. The angle 6 is giv^| 
n opp 0.8 

tan 6 = -—7- = — — 

adj 1.2 
= 0.667 
6 = tan - 
= 33.7® 


Here, the two displacements are not at 90" to one 
another, so we can’t use Pythagoras’slheorenl. We 
can solve this problem by making a scale drawing, and 
measuring the final displacement. (However, youjUyld 
solve the same problem using trigonometry.)^ 

Step 1 Choose a suitable scfele. Your diagj® shJSjld 
be reasonably large; in this cassia scale of lcnvto 
represent 5 km is reasonable. 

Step 2 Draw a line to represent the fir?t vector. North is 
at the top oftlie page. The line is 6 cm long, towards the 
east (riglit). 

Step 3 Draw a line to represent the second vector, 

; at the end of theTirst vector. The lirpeis 10 cm 
long, and ctfan angle of 45° (Figuijj 1.15). 



is! 








1 














c e5 





1 cm t 

1 cn 

1 









1 




X 50 km 

1 






//ICO 






e 1.15 Scale drawing for Worked example 4. 
graph paper can help you to show the vectors 
in the correct directions. 

Step 4 To find the final displacement, join the start to 
the finish. You have created a vector triangle. Measure 
this displacement vector, and use the scale to convert 
back to kilometres: 

length of vector = 14.8 cm 

final displacement = 14.8 x 5 = 74 km 

Step 5 Measure the angle of the final displacement 
vector: 

angle = 28° N of E 

Therefore the aircraft’s final displacement is 74 km at 
28° north of east. 


.14 What is the aircraft’s final displacement? 
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14 You walk 3.0 km due north, and then 4.0 km due 

east. 

a Calculate the total distance in km you have 
travelled. 

b Make a scale drawing of your walk, and use it 
to find your final displacement. Rememberto 
give both the magnitude and the direction. 

c Check your answer to part b by calculating 
your displacement. 

15 A student walks 8.0 km south-east and then 

12 km due west. 

a Draw a vector diagram showing the route. Use 
your diagram to find the total displacement. 
Remember to give the scale on your diagram 
and to give the direction as well as the 
magnitude of your answer. 

b Calculate the resultant displacement. Show 
your working clearly. 


This process of adding two displacements together 
(or two or more of any type of vector) is known as vector 
addition. When two or more vectors are add^l together, 
their combined effect is known as the resnJ^^fef the 
vectors. 

Combining velocuie 


Velocity is a vector quantity and so two velocities can be 
combined by vector addition in the sUme way that we havg 
seen for two or more displacements. 

Imagine that you are attempting to swirh across a rive 
You want to swim directly across to the opposne bank, but 
the current moves you ^deways at the samehme^ou 
are swimming forwards. Tjae outcome is that you will end 
up on the opposite baSk, but dpwnstream ofProur intended 



3oint. In 



is directed 



e velocity due to yours 
straight across tjne river 

the velocity die to the current, which is directed 
downstreani, at right angles to your swimming velocity. 

The^ combine to give a resultant (or net) velocity, which 
be diagonally downstream. In order to swim directly 
pss theriver, you would have to aim upstream. Then 
sultan? velocity could be directly across the river. 


WORKED EXAMPLE 


5 An aircraft is flying due north with a velocity of 200 ml 
A side wind of velocity 50 m s -1 is blowing due east. What 
is the aircraft’alresultant velocitv(give the ma| 
and direction)?! 


itude 


’. A sketch diagram and 
ce to solve the problem. 


Here, the two velocitie: 

Pythagoras’s theorem 

)raw a sketch on-this is shown in 

i6a. 




200 ms 


50 ms 


Figure 1.16 Findingthe resultant of two velocities- 
for Worked example 5. 


1 Step 2 Now sketch a vector triangle. Remember that 
the second vector starts where the first one ends. This is 
shown in Figure 1.16b. 

Step 3 Join the start and end points to complete the 
triangle. 

Step 4 Calculate the magnitude of the resultant vector v 
(the hypotenuse of the right-angled triangle). 

v 2 = 200 2 + 50 2 = 40 000 + 2500 = 42 500 


1 / = V 42 500 ~ 206 m s _1 

Step 5 Calculate the angle 0: 

n 50 
tan 6 = —— 

200 

= 0.25 

6 = tan -1 (0.25) ~ 14° 

So the aircraft’s resultant velocity is 206 m s _1 at 14° east 
of north. 
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16 A swimmer can swim at 2.0 ms -1 in Stillwater. 
She aims to swim directly across a river which 
is flowing at 0.80 m s' 1 . Calculate her resultant 
velocity. (You must give both the magnitude and 
the direction.) 

17 A stone is thrown from a cliff and strikes the 
surface of the sea with a vertical velocity of 

18 ms' 1 and a horizontal velocity v. The resultant 
of these two velocities is 25 m s' 1 . 

a Draw a vector diagram showing the two 
velocities and the resultant. 

b Use your diagram to find the value of v. 

c Use your diagram to find the angle between 
the stone and the vertical as it strikes the 
water. 


Summary 



Displacement is the distance travelled in a pa 
direction. 


Velocity is defined by the word equation 
_ change in displac^nent 
time taken 



velocity : 


The gradient of a displacement-time graph i 
to velocity: 


speed are scalar quantities. A scalar 
Iguantiff has only magnitude. 

Displacement and velocity are vector quantities, 
ivectlor quantity has both magnitude and direction. 

VeTtor quantities may be combined by vector addition 
to find their resultant. 


velocity = —\ 


v 
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End-of-chapter questions 




A car travels one complete lap around a circular track at a constant speed of 120 km h _1 . 
a If one lap takes 2.0 minutes, show that the length of the track is 4.0 km. 
b Explain why values for the average speed and average velocity are different, 
c Determine the magnitude of the displacement of the car in a time of 1.0 minute. 

(The circumference of a circle = 2nR, where R is the radius of the circle.) 

A boat leaves point A and travels in a straight line to point B (Figure 1.17). 

The journey takes 60s. 

Calculate: 

a the distance travelled by the boat 
b the total displacement of the boat 
c the average velocity of the boat. 

Remember that each vector quantity must be given a directionas well 
as a magnitude. 

A boat travels at 2.0 m s _1 east towards a port, 
travel in a car due north for 15 minutes at 

Calculate: 

a the total distance travelled 
b the total displacement 
c the total time taken 
d the average speed in ms -1 
e the magnitude of the average 

A river flows from west to east with a 
due north at m40ms _1 . Find the resultant 


ms T A boat leaves the south bank heading 


how it is possible for an athlete to run round a track yet 


a Define displ|cer 
b Use the definition < 

have no display_ 

Hding a bicycle at a constant velocity of 3.0 m s _1 along a straight road. At time t = 0, she passes 
; on a statronarytoicycle. At time t = 0, the boy sets off to catch up with the girl. His velocity 
incre aseii rom tiine t =1) untiLt = 5.0s, when he has covered a distance of 10 m. Fie then continues at a 
.0 ms- 1 . 

menY-time graph for the girl from t = 0 to 12 s. 
h axes, draw the displacement-time graph for the boy. 

, determine the value of t when the boy catches up with the girl. 


[ 2 ] 

[ 2 ] 

[ 2 ] 

[ 2 ] 

[ 2 ] 

[ 2 ] 

[1] 


[1] 

[ 2 ] 

[1] 
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7 A student drops a small black sphere alongside a vertical scale marked in centimetres 
A number of flash photographs of the sphere are taken at 0.1s intervals, as shown in 
Figure 1.18. The first photograph is taken with the sphere at the top at time t = Os. 
a Explain how Figure 1.18 shows that the sphere reaches a constant speed, 
b Determine the constant speed reached by the sphere, 
c Determine the distance that the sphere has fallen when t = 0.8s. 


State one difference between a scalar quanti Rector quantity d give an example of each. 

A plane has an airspeed of 500 km h _1 due no vind blows at 1001 ^from east to west. Draw 

a vector diagram to calculate the resultant^ of the plane. Give! i direction of travel of the 

plane with respect to north. 

The plane flies for 15 minutes. Calculate th£ dis ne in this time. 




A small aircraft for one person 
velocity of the aircraft is 15 m s -± in a 
north (Figure 1.19). 


r Question 9. 




Figure 1.18 ForEnd-of- 
cli^pter Question 7. 


journey from A to B, the resultant 
ast of north and the wind velocity is 7.5 m s _1 due 


pircraft to travel from A to B it should be pointed due east, 
j km Prom A to B, the aircraft returns along the same path from B to A with a resultant 
velocity of 13.5m s -1 . Assuming that the time spent at B is negligible, calculate the average speed 
iplete journey from Ato Band back to A. 


[3] 


[4] 

[1] 


[ 2 ] 


[3] 
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armrr outc 


You should be able to: 

■ define I cce fep tio n 

i draw and mterpretl/eiocity-time graphs 
□ derive and use the equ^ions of uniformly accelerated 
m o t i 

■ describe a metholifor determining the acceleration di 
to gravity, g 

explain projectile motion in terms of horizontal and 
vertical components of motion 
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Chapter 2: Accelerated motion 



The meaning of acceleration 

In everyday language, the term accelerating means 
‘speeding up’. Anything whose speed is increasing is 
accelerating. Anything whose speed is decreasing is 
decelerating. 

To be more precise in our definition of acceleratio 
should think of it as changing velocity. Any object whos< 
speed is changing or which is changing its direction 
acceleration. Because acceleration is linked to ve!§cit^i 
this way, it follows that it is a vector quantit 

Some examples of objects accelerating are 
Figure 2.2. 



Calculatin&accelerati 

The acceleration of something 
its velocity is chan 
Looking at the spri 
sprinter accelerates 
realhyjgans greater s : 
las a greater acceleratio 1 
rration is define! 


rateWchange of velocity 
change in velocity 
time taken 


So to calOTSnr'acceleration a, we need to know two 
quantities - the change in velocity Av and the time taken At: 

Av 
a = — 

A t 

Sometimes this equation is written differently. We write u 
for the initial velocity and v for the final velocity (because 

u comes before v in the alphabet). The^flW^^felP Cambridge University Press 2014 



; up as 
: leavers the town. The 
Br presses on the 
accelerator pedal to 
increase the car’s velocity. 


A car setting off from 
the traffic lights. There is 
an instant when the car 
is both stationary and 
accelerating. Otherwise it 
would not start moving. 

A car travelling round a 
bend at a steady speed. 
The car’s speed is 
constant, but its velocity 
is changing as it changes 
direction. 

A ball being hit by a 
tennis racket. Both the 
ball’s speed and direction 
are changing. The ball’s 
velocity changes. 


A stone dropped over 
a cliff. Gravity makes the 
stone go faster and faster. 
The stone accelerates 
as it falls. 


Figure 2.2 Examples of objects accelerating. 
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accelerates from u to v in a time t (this is the same as the 
time represented by At above). Then the acceleration is 
given by the equation: 


a = ■ 


v-u 


t 


You must learn the definition of acceleration. It can be put 
in words or symbols. If you use symbols you must state 
what those symbols mean. 


START 


time = Is 


Units of acceleration 

The unit of acceleration is ms -2 (metres per second squared). 
The sprinter might have an acceleration of 5m her 

velocity increases by 5 m s -1 every second. You could express 
acceleration in other units. For exam^H §n prclvertisei&ent 
might claim that a car acceleratesJ 

hour (mph) in 10 s. Its acceleration woui s“ 

(6 miles per hour per second). Hov 

hours and seconds is not a good idea^nd so acceleration i 
almost always given in the standard SI i 




culate 


a velocity of: 
its acceleration/ 

river brakes gently. Her car slows down 
ms -1 to llms _J m 20 s. Calculate the 
tude^size) of her deco ration. (Note that, 
ause she is slowing down, her acceleration is 
negative.) 

A stone is dropped from the top of a cliff. Its 
celeration is 9.81 m s' 2 . How fast is it moving: 

er Is? 
after^s? 



A train slows down from 60 ms 1 to 20ms 1 in 50s. 
Calculate the magnitude of the deceleration of the train. 

Stepl Write what you know: 
u- 60ms' 1 v = 20ms" 1 t - 50s 

Step 2 Take care! Here the train’s final velocity is less 
than its initial velocity. To ensure that we arrive at the 
correct answer, we will use the alternative form of the 
equation to calculate o. 


20-60 


i rest has an acceleration of 
Te first 2.0s of a race. Calculate her 

v-u . 

Step 1 Rearranging the equation o - —gives: 
v - u + ot 

Step 2 Substituting the values and calculating gives: 
v= 0 + (5.0 x 2.0) = 10 ms' 1 


= -0.80 ms : 


50 50 

The minus sign (negative acceleration) indicates that the 
train is slowing down. It is decelerating. The magnitude 
of the deceleration is 0.80 ms' 2 . 
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Deducing acceleration 

The gradient of a velocity-time graph tells us whether the 
object s velocity has been changing at a high rate or a low 
rate, or not at all (Figure 2.4). We can deduce the value of 
the acceleration from the gradient of the graph: 

acceleration = gradient of velocity-time graph 

The graph (Figure 2.5) shows how the velocity of a cyclist 
changed during the start of a sprint race. We can find his 
acceleration during the first section of the graph (where 
the line is straight) using the triangle as shown. 


A straight line with a 
positive slope shows 
constant acceleration. 


The greater the slope, the 
greater the acceleration. 


The velocity is constant. 
Therefore acceleration o- 0. 


A negative slope 
deceleration (a is 



Figure 2.4 The gradient of a velocity-time graph is equal to 
acceleration. 


ertical side of 
e horizontal 



: 4.0ms 2 

A mdre complex example where the velocity-time graph is 
irved iS%ho#h on page XX. 


cing displacement 


We can also find the displacement of a moving object from 
*its velocity-time graph. This is given by the area under the 
graph: 

displacement = area under velocity-time graph 

It is easy to see why this is the case for an object moving 
at a constant velocity. The displacement is simply 
velocity x time, which is the area of the shaded rectangle 
(Figure 2.6a). 

For changing velocity, again the area under the graph 
gives displacement (Figure 2.6b). The area of each square 
of the graph represents a distance travelled: in this case, 

1 m s _1 x 1 s, or 1 m. So, for this simple case in which the 
area is a triangle, we have: 

displacement = \ x base x height 
= ix5.0x 10 = 25 m 


It is easy to confuse displacement-time graphs and 
velocity-time graphs. Check by looking at the quantity 
marked on the vertical axis. 

For more complex graphs, you may have to use other 
techniques such as counting squares to deduce the area, 
Original material © Cambridge bub/blnaiJyiPi^sfel^GqWal to the displacement. 
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a v/ m s -1 
20 


10 - 


area =20x15= 300m 

i 


10 


15 t/s 


b i//ms _1 
10 



area under graph 
= displacement 


(Take care when counting squares: it is easiest when the 
sides of the squares stand for one unit. Check the axes, as 
the sides may represent 2 units, or 5 units, or^ome other 
number.) 

Measuring velocity 
acceleration 

In a car crash, the occupants of thevar may undergo a verv 
rapid deceleration. This can cause them serious injury, 
can be avoided if an air-bag is inflated wimin a fr^tL 
of a second. Figq#h2.7 shows the tiny accelerometer at the 
heart of the system, \4hich detects large accelerations and 
decelerations. 

Thaa& sgl eratic wo rows of 

interlocking teeth >h, these move 

elative to one anc ^a voltage which 


5 t/s 

Figure 2.6 The area under the velocity-time graphps equal to 
the displacement of the object. 


4 A lorry driver is travelling at the speed limit o 
a motorway. Ahead, h ^se es hazard lights and 
gradually slows down. He seq^that an accicrlnt 
has occurred, and brakes suddenly te.a halt. 
Sketch a velocity-time graph to represent the 
motion of this lo 

5 Tahle2.l shows holl the velocity of a motorcyclist 
changed during a speed trial along a straight road. 

aw a velocity-time graph for this motion. 

Frojr i the tabl^deduce th4motorcyclist’s 
acceleration during the first 10 s. 

ChecKyour answlr by finding the gradient of 
ne graph during the first 10s. 

termine the motorcyclist’s acceleration 
duringthe last 15s. 

graph to find the total distance 
travelled during the speed trial. 



Figure 2.7 A micro-mechanical acceleration sensor is used to 
detect sudden accelerations and decelerations as a vehicle 
travels along the road. This electron microscope image shows 
the device magnified about 1000 times. 

At the top of the photograph, you can see a second 
sensor which detects sideways accelerations. This is 
important in the case of a side impact. 

These sensors can also be used to detect when a car 
swerves or skids, perhaps on an icy road. In this case, they 
activate the cars stability-control systems. 

Determining velocity and 
acceleration in the laboratory 


In Chapter 1, we looked at ways of finding the velocity of a 
trolley moving in a straight line. These involved measuring 
distance and time, and deducing velocity. Box 2.1 below 
Table 2.1 Data for a motorcyclist. shows how these techniques can be extended to find the 
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Velocity/ ms 1 

0 

15 

30 

30 

20 

10 

0 

Time/s 

0 

5 

10 

15 

20 

25 

30 

































Chapter 2: Accelerated motion 


BOX 2.1: Laboratory measurements of acceleration 


Measurements using light gates 

The computer records the time for the first ‘interrupt’ 
section of the card to passthrough the light beam of the 
light gate (Figure 2.8). Given the length of the interrupt, 
it can work out the trolley’s initial velocity u. This is 
repeated for the second interrupt to give final velocity v. 
The computer also records the time interval t 3 - 
between these two velocity measurements. Now it can 
calculate the acceleration o as shown below: 

u = r^r 
L 2 L 1 

(/ x = length of first section of the interrupt card) 
and 


v = 


U t 3 


(l 2 = length of second section of the interrupt cardr 

Therefore: 

change in velocity 


time taken 


v-u 


(Note that this calculation gives only an approxir 
value for a. This is because u ana v are average speeds 
over a period of time; for an accurate answer wPwould 
need to know the^oeeds at times t 1 and t 3 .) 

Sometimes two light gates are used with a car 
of length /. The computer can still record the times ; 
shown above aii| calkulaSthe acceleration in wm same 
way, with = l 2 : 



Figure 2.8 Determining acceleration using a single 
light gate. 


Measurements using a ticker-timer 

The practical arrangement is the same^s for rPTeasuring 
velocity. Now we have to think about how to interpret the 
tape produced by an accelerating trolley (Figure 2.9). 




start - 


Figure2.9 Ticker-tape fo 
ccelerating trolley. 



Th^aoe is divided into sections, as before, every 
five dots. Rerriembemhat th&timejiterval between 
adjacent dots is 0.02 s. tach section represents 0.10 s. 

By placing th section^of tape side by side, you can 
picture the velotity-time gra J 
L[he lengthrof each section gives the trolley’s 
displacen^nt in 0.10 s, from which the average velocity 
jring this time can be found. This can be repeated 
for each seefebn of the tape, and a velocity-time 
^raph drawn. Tlse gradient of this graph is equal to 
the accele^tion. Table 2.2 and Figure 2.10 show some 
typical results. 

The acceleration is calculated to be: 

Au _ 0.93 
At “ 0.20 


o 


4.7 ms 


Section 
of tape 

Time at 
start / s 

Time 

interval/s 

Length of 
section / cm 

Velocity / 
m s" 1 

1 

0.0 

0.10 

2.3 

0.23 

2 

0.10 

0.10 

7.0 

0.70 

3 

0.20 

0.10 

11.6 

1.16 


Table 2.2 Data for Figure 2.10. 


v/m s 



Av = 0.93 m s _1 


Figure 2.10 

Deducing 
acceleration from 
measurements of 
a ticker-tape. 
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AS Level Physics 


BOX 2.1: Laboratory measurements of acceleration 
(continued) 


Measurements using a motion sensor 

The computer software which handles the data 
provided by the motion sensor can calculate the 
acceleration of a trolley. However, because it deduces 
velocity from measurements of position, and then 
calculates acceleration from values of velocity, its 
precision is relatively poor. 


lere is a set of equations which allows us to calculate 
the qifcTntitTes involved whSi an object is moving with a 
istant accieration. The quantities we are concerned 




Sketch a section of ticker-tape for a trolley which 
travels at a steady velocity and which then 
decelerates. 

Figure 2.11 shows the dimensions of an 
interrupt card, together with the times recorded 
as it passed through a light gate. Use these 
measurements to calculate the acceleration o 
card. (Follow the steps outlined on page XX^ 

Os 0.20 s 


a acceleration 
t time taken 


e four equations of motion. 


Figure 2.11 ForQuestio 

8 Two adjacent fMe-dot sections of a ticker-t^ae 
measure 10cm and 16cm, respectively. The interval 
between dots is 0.02 s. De^dce the acceleration of 
Wtifcilgy which produced the tape. 


W equation 1: 

v = u + at 

equation 2: 

(u + v) 

S- 2 >xt 

equation 3: 

1 9 

s = ut + -Ot 2 

equation 4: 

v 2 = u 2 + 2 as 


mns of motion 


l the ground, its velocity 
Federating (Figure 2.12). 

: will reach a speed of several kilometres 
per second. Allfastronauts aboard find themselves pushed 
back into their seats while the rocket is accelerating. 

The engineers who planned the mission must be able to 
calculate how fast the rocket will be travelling and where it 
will be at any point in its journey. They have sophisticated 
computers to do this, using more elaborate versions of the 


Take care using these equations. They can only be used: 

■ for motion in a straight line 

■ for an object with constant acceleration. 

To get a feel for how to use these equations, we will 
consider some worked examples. In each example, we will 
follow the same procedure: 

Step 1 We write down the quantities which we know, 
and the quantity we want to find. 

Step 2 Then we choose the equation which links these 
quantities, and substitute in the values. 

Step 3 Finally, we calculate the unknown quantity. 

We will look at where these equations come from in the 


equations given below. 
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Chapter 2: Accelerated motion 


WORKED EXAMPLES 


The rocket shown in Figure 2.12 lifts off from rest with an 
acceleration of 20 ms -2 . Calculate its velocity after 50 s. 


Step 1 What we know: 


ti = 0ms' 1 
a - 20 m s' 2 
t = 50s 


Step 3 Calculation then gives: 
v 2 = 64+36 = 100 m 2 s -2 
i/ — 10 m s -1 

So the car will be travelling aj 10 ms“^when itj 
accelerating. 


Dps 


and what we want to know: v-1 

Step 2 The equation linking u, a, t and v is equation 1: 
v- u + ot 

Substituting gives: 
v = 0 + (20x50) 

Step 3 Calculation then gives: 
v = 1000 ms -1 

So the rocket will be travelling at 1000 ms -1 after 50 s. 
This makes sense, since its velocity increases by 20 m s - ^ 
every second, for 50s. 

You could use the same equation to work out how long 
the rocket would take to reach a velocity of 2000 nr4c-1 
or the acceleration it must have to reach a speed of 
1000 ms -1 in 40s, and so on. 

5 The car shown in Figure 2.13 is travelling alonla straight 
road at 8.0 m s -1 . It accelerates at 1.0ms -2 for a distance 
of 18 m. How fast is it then travelling? 


(You may find it easier to carry out these calculations 
without including the units of quantities when you 
substitute in the equation. However, including the units 
can help to ensure that you end up with me correct unit 
forthefin|l answer.) 

A train (Figure 2.14) travelling at 20 ms -1 a|celerSes at 
0.50 m s -2 for30 s. Calculate the distance travelled by the 



u = 20 m s -1 
t = 30s 
o = 0.50 ms -2 


In this case, we will lave to use a different equation, 
beca usaamkn ow the distance during which the car 
ne time. 

u = 8.0 ms -1 
o = 1.0 ms -2 
s = 18 m 

ant to know 

Te equation we need is equation 4: 
v 2 — u 2 + 2 os 

Substituting gives: 
v 2 = 8.0 2 + (2 x 1.0 x 18) 


and what we want to know: s = ? 

Step 2 The equation we need is equation 3: 
s = ut + jot 2 

Substituting gives: 
s = (20 x 30) + \ x 0.5 x (30) 2 

Step 3 Calculation then gives: 
s = 600 + 225 = 825 m 

So the train will travel 825 m while it is accelerating. 
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AS Level Physics 


WORKED EXAMPLES (continued) 


7 The cyclist in Figure 2.15 is travelling at 15 m s -1 . 
She brakes so that she doesn’t collide with the wall 
Calculate the magnitude of her deceleration. 


u = 15 


Step 2 The equation we need is equation^ 
v 2 = u 2 + 2 os 



11 


5y the car to reach a 

pm 4.0 ms -1 to 

ieleration of the train. 

id final velocities, calculate 
Tocity of the train. 

Calculate tPTe distance travelled by the train in 
i of 100 s. 

A car is moving at 8.0 m s -1 . The driver makes 
it accelerate at 1.0 m s -2 for a distance of 18 m. 
What is the final velocity of the car? 


eriving the equations of 
motion 

On the previous pages, we have seen how to make use of 
the equations of motion. But where do these equations 
come from? They arise from the definitions of velocity and 
acceleration. 

We can find the first two equations from the velocity¬ 
time graph shown in Figure 2.16. The graph represents the 
motion of an object. Its initial velocity is u. After time t , its 
final velocity is v. 



Figure 2.16 This graph shows the variation of velocity of an 
Original material © Cambridgbj©6fe/^tytff^s^ta4)bject has constant acceleration. 















Chapter 2: Accelerated motion 


Equation 1 

The graph of Figure 2.16 is a straight line, therefore the 
object s acceleration a is constant. The gradient (slope) of 
the line is equal to acceleration. 

The acceleration is defined as: 

t 

which is the gradient of the line. Rearranging this gives the 
first equation of motion: 

v = u + at (equation 1) 

Equation 2 

Displacement is given by the area under the velocity-time 
graph. Figure 2.17 shows that the object s average velocity 
is half-way between u and v. So the object s average 
velocity, calculated by averaging its initial and final 
velocities, is given by: 

(m-v) 

2 

The object’s displacement is the shaded area in i 
This is a rectangle, and so we have: 

displacement = average velocity x time takel 
and hence: 


So 


_ k s half-way between u and v. 

^uations 1 ind 2, we can derive equation 3: 
v ^(equation 1) 


(equation 2) 


s = ut+ 2 a t 


Looking at Figure 2.16, you can see thaD 
the right of the equation correspondj 
rectangle and the triangle which j 
the graph. Of course, this is the same 
in Figure 2.17. 

Equation 4 

Equation 4 is also derived from equaT 
v-u + at 
(u +1 


(equation 3) 

;o terms on 
eas of the 
nder 
ngle 




(equation 2) 


Substituting v from equation 1 gives: 
(u + u + at) s 


(equation 4) 

stigciting road traffic accidents 

ce frequently have to investigate road traffic 
ents. They make use of many aspects of physics, 
including the equations of motion. The next two questions 
will help you to apply what you have learned to situations 
where police investigators have used evidence from skid 
marks on the road. 


Trials on the surface of a new road show that, 
when a car skids to a halt, its acceleration is 
-7.0 m s“ 2 . Estimate the skid-to-stop distance 
ofa cartravellingataspeed limitof30ms _1 
(approx. 110 km h -1 or 70 mph). 

At the scene of an accident on a country road, 
police find skid marks stretching for 50 m. 
Tests on the road surface show that a skidding 
car decelerates at 6.5 m s -2 . Was the car which 
skidded exceeding the speed limit of 25 ms -1 
(90 km h -1 ) on this road? 


s = ■ 


-xt 


2ut at 2 

s — -1- 

2 2 
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AS Level Physics 


Uniform and non-uniform 
acceleration 

It is important to note that the equations of motion 
only apply to an object which is moving with a constant 
acceleration. If the acceleration a was changing, you 
wouldn't know what value to put in the equations. 
Constant acceleration is often referred to as uniform 
acceleration. 

The velocity-time graph in Figure 2.18 shows non- 
uniform acceleration. It is not a straight line; its gradient 
is changing (in this case, decreasing). 

i//ms _1 
30 


25 

20 
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15 
10 
5 

° 0 10 20 40 

Figure 2.18 This curved velocity-time graph cannot 
analysed using the equations of motior 

The acceleration at^^dnstant in time islgiven blLthe 
gradient of the velodjty-time graph. The triangle in Figure 
2.18 shows how to find the acceleration at t = 20 se^rnds: 


At the time of interest, mar 
Draw a tangent to the curve i 
Make aJaree right-angled triar 



: on the graph. 

: poir 

gle, and use ittoTTnd the 


In this case each square is 1 m s -1 on the y-axis by 1 s 
on the x-axis, so the area of each square is 1 x 1 = 1 m and 
the displacement is 250 m. In other cases not^carefully the 
value of each side of the square you have chosen. 


14 The graph in Figure 2.19 represents the motion^of 
an object moving with varying acceleration. Lay 
your ruler on the diagram so that it is tangential to 
the graph at point P. 

What are the values of time and \Mocity at this 
poir 

b EstiW ^object’s acceleration at this point. 



0 5 10 

gure2.19 For Question 14. 


20 t/s 


I the change in displacement of the body as it 
ibleratesJjiideterminipg the area|pnder the velocity- 

it of the object in Figure 2.18 
r most straightforward, but 
lengthy, mflfehod i^SBIBy count the number of small 
square? 

In this a^Kfpto t- 20 s, there are about 250 small 
squares. This is tedious to count but you can save yourself 
a lot of time by drawing a line from the origin to the point 
at 20 s. The area of the triangle is easy to find (200 small 
squares) and then you only have to count the number of 
small squares between the line you have drawn and the 
curve on the graph (about 50 squares) Original material © Cambridge 


l5^The velocity-time graph (Figure 2.20) represents 
the motion of a car along a straight road for a 
period of 30s. 

a Describe the motion of the car. 

b From the graph, determine the car’s initial 
and final velocities over the time of 30s. 

c Determine the acceleration of the car. 

d By calculating the area underthe graph, 
determine the displacement of the car. 

e Check your answer to partd by calculating the 
car’s displacement usings = ut + \ot 2 . 



0 10 20 
Figure 2.20 For Question 15. 
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Chapter 2: Accelerated motion 


Acceleration caused by gravity 

If you drop a ball or stone, it falls to the ground. Figure 
2.21, based on a multiflash photograph, shows the ball at 
equal intervals of time. You can see that the balls velocity 
increases as it falls because the spaces between the images 
of the ball increase steadily. The ball is accelerating. 


16 



If you drop a stone from the edge o^c iiff, its initial 
velocity u- 0, and it falls with acceleration 
g = 9.81 m s" 2 . You can calculate the distance s it 
falls in a given time t using an equation of motion. 

a Copy and complete Table 2.3, whichj IPlow 
s depends on t. 

Draw a graph of s; 

Use your graph to find the distanc 
the stone in 2.5s. 

Us^^ur graph to find how lonjf it will take 1 
ne tafall to the bottom of a clif 
Check your^nswer using the eqyatioF 
of nrdlion. 



Time/s 


1.0 

w 

3.0 

4.0 

Displacement/m 

4 

4.9 





Table 2.3 Time [t) ah! 
uestion 16. 


lacement (s) data for 


egg falls off a table. The floor is 0.8 m from the 
le-top. 

[culate the time taken to reach the ground. 

late the velocity of impact with the 
und. 


Figure 2.21 This diagram of a falling ball, based < 
multiflash photo, clearly shows that the ball’s velocity 
increases as it falls. 


Determining g 


A multiflash ph 
that the ball accelerates 
quickly for our ey< 
up. It is easy to ima; 
as you let it go, and 

£1 shows that 1 

•tsure the ac^eleratf 
Race of the Ear 

as the 



One way to measure the acceleration of free fall g would be 
to try bungee-jumping (Figure 2.22). You would need to 
carry a stopwatch, and measure the time between jumping 
from the platform and the moment when the elastic rope 
begins to slow your fall. If you knew the length of the 
unstretched rope, you could calculate g. 

There are easier methods for finding g which can be used 
in the laboratory. These are described in Box 2.2. 


is useful to demonstme 

Usually, objects fall too 
them speeding 
|H®fe^Sskkly as soon 
^round. 

case. 

a freely falling object 
nd a value of about 
celeration of free fall, 

11 ,g = 9.81ms -2 

n where you are on the Earth s 
ation purposes we take 

>1 ms -2 . 

If we drop an object, its initial velocity u = 0. How far 
will it fall in time t? Substituting in s = ut + \ at 2 gives 
displacement s: 

s = \ x 9.81 x t 2 
= 4.9 x t 2 

Hence, by timing a falling object, we g> Cambridge B‘(gUdTfe2y22e^6tangee-jumper falls with initial acceleration g. 
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BOX 2.2: Laboratory measurements of g 


Measuring g using an electronic timer 

In this method, a steel ball-bearing is held by an 
electromagnet (Figure 2.23). When the current to the 
magnet is switched off, the ball begins to fall and 
an electronic timer starts. The ball falls through a 
trapdoor, and this breaks a circuit to stop the timer. 
This tells us the time taken for the ball to fall from rest 
through the distance h between the bottom of the ball 
and the trapdoor. 


h/m 

t/s 


0.27 

0.25 

0 J §3 

0.39 

0.30 A 

^ m .090 ^ 

0.56 

0.36 


0.70 

0.41 ^ 


0.90 

0.46 

0 W 


timer 


<05 0.10 0.15 0.20 0.25 t 2 /s 2 

e acceleration of free fall can be determined 



Figure 2.23 The timer records the ti 
fall through the distance h. 

Flere is how we can use one oft 
to find g: 

displacements = h 
time take 
initial velocity 
acceleration 

Substituting in s 
h = hgt 2 

I for any values of h 
^^satisfactory 
Measurements of t for se 
height of the ball bearing 
systematical^ind the time 


calculate a value for g. 
re is to take 
erent values of h. The 
e trapdoor is varied 
fall measured several 

times tffcalculate an average for each height. Table 
2.4 and Figure 2-24 show some typical results. We can 
deduce g from the gradient of the graph of h against t 2 . 
The ^luation for a straight line through the origin is: 

y - mx 

In our experiment we have: 



The gradient of the straight line of a graph of h 
inst t 2 is equal to f. Therefore: 

g 0.84 

g radient = - = —= 4 .2 

g = 4.2 x 2 = 8.4 ms 

Sources of uncertainty 

The electromagnet may retain some magnetism when it 
is switched off, and this may tend to slow the ball’s fall. 
Consequently, the time t recorded by the timer may be 
longer than if the ball were to fall completely freely. 

From h = - gt 2 , it follows that, if t is too great, 

the experimental value of g will be too small. This is 
an example of a systematic error - all the results are 
systematically distorted so that they are too great (or too 
small) as a consequence of the experimental design. 

Measuring the height h is awkward. You can probably 
only find the value of h to within ±1 mm at best. So there 
is a random error in the value of h, and this will result in a 
slight scatter of the points on the graph, and a degree of 
uncertainty in the final value of g. For more about errors, 
see PI: Practical skills for AS. 
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Chapter 2: Accelerated motion 


BOX 2.2: Laboratory measurements of g (continued) 


Measuring g using a ticker-timer 

Figure 2.25 shows a weight falling. As it falls, it pulls a 
tape through a ticker-timer. The spacing of the dots on 
the tape increases steadily, showing that the weight 
is accelerating. You can analyse the tape to find the 
acceleration, as discussed on page XX. 


- ticker-timer 


a.c. 





ticker-tape 

weight 


Figure 2.25 A falling weight pulls a tape through ; 
ticker-timer. 


This is not a very satisfactory method of measuring 
g. The main problem arises from fiction between th 
tape and the ticker-timer. This slows theiall of tF 
weight and so its acceleration is less than g. (l£y\s i 
another example of a systematic error.) 

The effect of friction is less of aproblerrifciFa large 
weight, which fal lsjn ore freely. If measurements are 
made for increasing weights, the value of acceleration 
gets closer and closer to the tru^yalue of g. 


Measuring g using a light gate 

Figure 2.26 shows how a weight can 
card ‘interrupt’. The card is design 
beam twice as the weight falls, 
calculate the velocity of the 
hence find its acceleration: 

initial velocity u 

final veil 
Therefore: 


The weight can be dropped from different heights above 
ne light gate. T|is allows you to find out whether its 
acceleration is the same at different points in its fall. This 
is an advantage over Method 1, which can only measure 
the acceleration from a stationary start. 



K 


, computer 



falling plate 







5 


-k 

Figure 2.26 The weight accelerates as it falls. The upper 
section of the card falls more quickly through the light gate. 


WORKED EXAMPLl 



a rough value for g, astudent dropped a stone 
th e top of a clim A second student timed the 

a stopwatch. Flere are their results: 


estimate a value for g. 

the average speed of the stone: 
30 

average speed of stone during fall = — = 11.5 ms 1 

Step 2 Find the values of v and u: 

final speed v -2 x 11.5ms -1 = 23.0ms -1 
initial speed u- 0 ms -1 


Step 3 Substitute these values into the equation for 
acceleration: 
v-u _ 23.0 

~T~Y. 6 ~ 


o = ■ 


; 8.8ms ■ 


Note that you can reach the same result more directly 
usings = ut+ \ot 2 , but you may find it easier to follow 
what is going on using the method given here. We 
should briefly consider why the answer is less than the 
expected value of g- 9.81 m s -2 . It might be that the cliff 
was higher than the student’s estimate. The timer may 
not have been accurate in switching the stopwatch on 
and off. There will have been air resistance which slowed 
the stone’s fall. 
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18 


19 


A steel ball falls from rest through a height of 
2.10 m. An electronic timer records a time of 
0.67 s for the fall. 

a Calculate the average acceleration of the ball 
as it falls. 

b Suggest reasons why the answer is not exactly 
9.81ms' 2 . 

In an experiment to determine the acceleration 
due to gravity, a ball was timed electronically as 
it fell from rest through a height h. The times t 
shown in Table 2.5 were obtained. 

a Plot a graph of h against t 2 . 

b From the graph, determine the acceleration of 
free fall, g. 

c Comment on your answer. 


Height/m 

0.70 

1.03 

1.25 

1.60 

1.99 

Time/s 

0.99 

1.13 

1.28 

1.42 

1.60 

_ ▲ — 


Table 2.5 Height (h) and time (t) data for 
Question 19. 

20 In Chapter 1, we looked at how to use a motior 
sensor to measure the speed ; 
moving object. Suggest how 
could be used to determine 


Motion in t; 
projectiles 


A curved trajectory 

A multiflash photograph can r weal details of the path, or 
trajectory, of a projectile. Figu e 2^7 shows the trajectories 
a bouncing B l. Once the ball has left the 
; thi augh the air, the only force 



moves 


l at an angle to the horizontal, 
^can see that the images of the 
irther apart. At the same time, it 
i the right. You can see this from the even 
spacingoi tne inrages across the picture. The balls path has a 
mathematical shape known as a parabola. After it bounces, 
the ball is moving more slowly. It slows down, or decelerates, 
as it rises - the images get closer and closer together. 

We interpret this picture as follows. The vertical 
motion of the ball is affected by the force of gravity, that 




Figure 2.27 Abouncinghall is an example of a projectil 
This multiflash photograph shows details of iMiiption which 
would esaA&q The eyPof an observer. 

slols it down, anlTwhen it falls 
it has an acceleration ofg, which speeds it up. The balls 
horizontal motio j is unaffected^^gravity. In the absence 
of aime^tance, the ball has a constant velocity in the 
rizontal direction. We can treat the balls vertical 
ana Horizontal motions separately, because they are 
independent ofgne another. 

pon^Ps of a vector 

p understand how to treat the velocity in the 
d horizontal directions separately we start by 
pnsidering a constant velocity. 

If an aeroplane has a constant velocity v at an angle 9 
shown in Figure 2.28, then we say that this velocity has 
two effects or components, v N in a northerly direction 
and v E in an easterly direction. These two components of 
velocity add up to make the actual velocity v. 

This process of taking a velocity and determining its 
effect along another direction is known as resolving the 
velocity along a different direction. In effect splitting the 
velocity into two components at right angles is the reverse 


i/ M — v cos 6 



Figure 2.28 Components of a velocity. The component due 


is, its weight. When it rises it has a vertic@k^etei^fepg) CambridgeIP(©ss^0t>tl the component due east is v E = vsin 6. 
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of adding together two vectors - it is splitting one vector 
into two vectors along convenient directions. 

To find the component of any vector (e.g. displacement, 
velocity, acceleration) in a particular direction, we can use 
the following strategy: 

Step 1 Find the angle 6 between the vector and the 
direction of interest. 

Step 2 Multiply the vector by the cosine of the angle 9. 

So the component of an object s velocity v at angle 9 to v is 
equal to vcos 6 (Figure 2.28). 


21 Find the*- andy-components of each of the 
vectors shown in Figure 2.29. (You will need to use 
a protractor to measure angles from the diagram. 


80 N 


Figure 2.29 

The vectors for 
Question 21. 


Understanding projectiles 

We will first consider the simple case of a projectile 
thrown straight up in the air, so that it move^ertically. 
Then we will look at projectiles whic^ move horizontally 
and vertically at the same time. 

Up and down 

A stone is thrown upwards wiFh an initial velo 
20ms -1 . Figure 2.30 shows the situation. 





anding at the edge of the cliff, you throw a 
upwards. The height of the cliff is 25 m. 


important to use a consistent sign convention 
y e will take upwards as positive, and downwards as 
ive. So the stone s initial velocity is positive, but its 
acceleration g is negative. We can solve various problems 
about the stone s motion by using the equations of motion. 


How high? 

How high will the stone rise above ground level of the cliff? 

As the stone rises upwards, it moves more and more 
slowly - it decelerates, because of the force of gravity. At its 
highest point, the stone s velocity is zero. So the quantities 
we know are: 

initial velocity = w = 20ms _1 
final velocity = v = 0ms 1 
acceleration = a = - 9.81 ms -2 

displacement = s = ? 

The relevant equation of motion is v 2 
Substituting values gives: 

0 2 = 20 2 + 2 x (-9.81) x s 

0 = 400- 19.62s 
400 


: u 2 + 2as. 


19.62 


20.4 m~ 20 m 
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How long? 

How long will it take from leaving your hand for the stone 
to fall back to the clifftop? 

When the stone returns to the point from which it was 
thrown, its displacement s is zero. So: 

s = 0 u = 20 ms 1 a = -9.81ms -2 t = ? 

Substituting in s = ut+ \at 2 gives: 

0 = 20t x \ (-9.81) x t 2 

= 20 t - 4.90 5t 2 = (20 - 4.905t) x t 
There are two possible solutions to this: 

■ t = 0s, i.e. the stone had zero displacement at the instant it 
was thrown 

■ t- 4.1s, i.e. the stone returned to zero displacement after 
4.1s, which is the answer we are interested in. 

Falling further 

The height of the cliff is 25 m. How long will it take the 
stone to reach the foot of the cliff? 

This is similar to the last example, but now the st< 
final displacement is 25 m below its starting 
our sign convention, this is a negative displacerrJ 
s = -25 m. 


22 In the example above (Falling flirther) 
the time it will take for the stone 
of the cliff. 

23 A ball is fired upwards with an initial velo 
30 ms -1 . Table 2.6 shows how thgjaall’s velocity 
changes. (Takeg 

a Copy and complete the table, 
b Draw a graph to represent the date!? 

/our graph to deduce how long the ball 
;to reach its lighesf point. 


Velocity/ms 1 

30 

20.19 





Time/s 

ko 

w 

2.0 

3.0 

4.0 

5.0 


also shown in Figure 2.31. Study the table and the graph. 
You should notice the following: 

■ The horizontal distance increases steadily, 
the ball’s horizontal motion is unaffected 
gravity. It travels at a steady velocity h 


is because 
rce of 
y so we can 


use v - -. 


The vertical distances do not 
The ball is accelerating downw 
equations of motion. (These figur^ 
using g- 9.81 ms -2 .) 




Tima / e A Horizontal 

T me/s 

Vertical 
distance/m 

0.00 

0.00 

► 

O 

◄ 




0.08 

0.20 

y o.o3i 

^0.12 


0.071 

°- 16 J 

0.4^^^ 

0.126 


0.50 

0.196 

V 0.24 

0.60 

0.283 

0.28 

0.70 

0.385 



ble 2.7 Data for^the example of a moving ball, as shown in 
2 . 31 ^^^ 


n calculate the distance s fallen using the 
of motion s = ut+\at 2 . (The initial vertical 
u = 0.) 


You 

equmio 
locity 

e horizontal distance is calculated using: 
horizontal distance = 2.5 x t 
The vertical distance is calculated using: 

1 

2 


vertical distance = ix 9.81 x t 2 


Horizontal distance / m 
0.1 0.2 0.3 0.4 0.5 0.6 0.7 

i_i_i_i 


constant horizontal velocity 


Te2.6 For Question 23. 


VerticaWPKbrizontal at the same time 

Here is an example to illustrate what happens when an 
object travels vertically and horizontally at the same time. 

In a toy, a ball-bearing is fired horizontally from 
a point 0.4 m above the ground. Its initial velocity is 
2.5 ms -1 . Its positions at equal intervals of time have been 

calculated and are shown in Table 2.7. Thpfigi^gpjtfthfeflip© Cambridge University Press 2014 



Figure 2.31 This sketch shows the path of the ball projected 
horizontally. The arrows represent the horizontal and vertical 
components of its velocity. 
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WORKED EXAMPLES 


9 A stone is thrown horizontally with a velocity of 12 m s 1 
from the top of a vertical cliff. 

Calculate how long the stone takes to reach the ground 
40 m below and how far the stone lands from the base 
of the cliff. 

Step 1 Consider the ball’s vertical motion. It has 
zero initial speed vertically and travels 40 m with 
acceleration 9.81 m s -2 in the same direction. 

s = ut + \at 2 
1 

40 = 0 + — x 9.81 x t 2 
Thus t = 2.86s. 

Step 2 Consider the ball’s horizontal motion. The ball 
travels with a constant horizontal velocity, 12 m s" 1 , as 
long as there is no air resistance. 

distance travelled = u x t = 12 x 2.86 = 34.3 m 

Hint: You may find it easier to summarise the in£ 
like this: 

vertically s = 40 u= 0 a - 9.81 

horizontally u -12 v-12 a - 0 

10 A ball is thrown with an initial 
angle of 30° to the horizor 
the horizontal distance tra^ 

u- 20 ms 


pwn horizontally from the top of a 
Lianas 4.0s later at a distance 12.0 m 
the cliff. Ignore air resistance. 

horizontal speed of the stone. 
r height of the cliff. 

Town with a velocity of 8 m s _1 into the air 
;Te of 40° to the horizontal. 

Calculate the vertical component of the velocity. 

State the value of the vertical component of the 
velocity when the stone reaches its highest point. 
Ignore air resistance. 


Step 1 Split the ball’s initial velocity 
and vertical components: 

initial velocity = u = 20 m s _1 
horizontal component of initi 

= i/cos0 -W x cos30; 
vertical component of initiar 


rizontal 


Step 2 Consider the ball’s vertical motion 
will it take to return to the ground? In a 
when wi]l its displacement return to zero? 

■ 10 rrT 1 a = k9.81 ms' 2 s = 0 t = ? 





ives 1 10 s or t ^.04s. So the Pall is in the air 

s. 

Consider the ball’s horizontal motion. How 
will it travel horizontally in the 2.04s before it 
landsrThis is simple to calculate, since it moves with a 
constant horizontal velocity of 17.3 ms -1 . 

displacement s = 17.3 x 2.04 
= 35.3 m 

ence the horizontal distance travelled by the ball 
(its range) is about 35 m. 
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Use your answers to a and b to calculate the time 
the stone takes to reach it highest point. 

Calculate the horizontal component of the velocity. 

Use your answers to c and d to find the horizontal 
distance travelled by the stone as it climbs to its 
highest point. 

26 The range of a projectile is the horizontal distance 
it travels before it reaches the ground. The greatest 
range is achieved if the projectile is thrown at 45° to 
the horizontal. 

A ball is thrown with an initial velocity of 40 m s -1 . 
Calculate its greatest possible range when air 
resistance is considered to be negligible. 
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Summary 

■ Acceleration is equal to the rate of change of velocity. 

■ Acceleration is a vector quantity. 

■ The gradient of a velocity-time graph is equal to 
acceleration: 

Av 
°~ At 

■ The area under a velocity-time graph is equal to 
displacement (or distance travelled). 

■ The equations of motion (for constant acceleration in 
a straight line) are: 

v-u + ot s-ut+\ot 2 

(u + v) 


Vectors such as forces can be resolved into 
components. Components at rightjngles to one 
another can be treated independently of one another. 
For a velocity v at an angle 6 J .0 the x-wectiop, the 
components are: 

x-direction: vcos0 
y-direction: vsin 6 

For projectiles, the horizontal and vertiifel component 
of velocitwcan be treated independently. In the 
absence of air resistance, the horizontal compop^nt 
of velocity is constant while the vertical component of 
velocity downwlmds increases at a cate of 9.81 m s“ 2 . 


s = 


v z = u z + 2 os 


End-of-chapter 


A motorway designer can assu 
of 10 ms -1 and reach a velocity of 3' 
length for the slim^oad, assuming that 

A train is traveling at 50 m|^A/hen the driv< 
of magnitude 0.50 m s" 2 for 100s. Describe wha^ 
by the train in l^Os. 



f enter a slip road with a velocity 
Dtorway. Calculate the minimum 
Oration of4.0ms -2 . 

) brakes and gives the train a constant deceleration 
^ns to the train. Calculate the distance travelled 


[4] 


[7] 


A boy stands on a^liff edge^nd throws a storfe vertically upwards at time t = 0. The stone leaves his 
) m s -1 . Take the acceleration of the ball as 9.81 m s“ 2 . 

/that the equation rorthe displacement of the ball is: 

1 2 

ght of the stone 2.0s after release and 6.0s after release? 
one return to the level of the boy’s hand? Assume the boy’s hand does not move 
: ball is released. 



[2] 

[3] 

[4] 


Ontfnal mb* © Cambridge U„i»e,s«y Pres, 20,4 
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The graph in Figure 2.33 shows the variation of velocity 
with time of two cars, A and B, which are travelling in 
the same direction over a period of time of 40s. Car A, 
travelling at a constant velocity of 40 ms -1 , overtakes 
car B at time t = 0. In order to catch up with car A, car B 
immediately accelerates uniformly for 20s to reach a 
constant velocity of 50 ms -1 . Calculate: 


a how far A travels during the first 20s 
b the acceleration and distance of travel of B during tl 
c the additional time taken for B to catch up with A 
d the distance each car will have then travelled since t = 0. 

An athlete competing in the longjump leave^the groun 
to the horizontal. 

a Determine the vertical componejnt of the 
the ground and landing, 
b Determine the horizontal compon 
distance travelled. 

Figure 2.34 shows an arrangement 
The metal plate isjgleased from rest an 
falls a further 0.250 m before breaking light" 



Figure 2.33 Velocity ; 
A 




^6 m s _1 at a n a ngle of 30° 
'etime between leaving 
e to find the horizontal 


tion of a metal plate as it falls vertically, 
m before breaking light beam 1. It then 


Calculate the time taken for the plate to fall 0.200 m from rest. (You may assume that the metal plate 
falls with an acceleration equal to the acceleration of free fall.) 

The timer measures the speed of the metal plate as it falls through each light beam. The speed as it 
falls through light beam 1 is 1.92 m s _1 and the speed as it falls through light beam 2 is 2.91 m s -1 . 

i Calculate the acceleration of the plate between the two light beams. 

ii State and explain one reason why the acceleration of the plate is not equal to the acceleration 
of free fall. 


[ 2 ] 
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7 Figure 2.35 shows the velocity-time graph for a vertically bouncing ball. The ball is released at A and stri 
the ground at B. The ball leaves the ground at D and reaches its maximum height at E. The effects of oil 
resistance can be neglected. 


B 


o 0 

CD 

> 


Time 




Figure 2.35 For End-of-chapter Question 7. 

State: 

i why the velocity at D is negative 

ii why the gradient of the line AB is the samaas the \ 

iii what is represented by the area between the line AB and the time 

iv why the area of triangle ABC is greatferthan the area of tria 
The ball is dropped from rest from an in 

to a height of 0.80 m. The ball isjn contact with the ferounllbetweenl 
Using the acceleration of fre 
the speed of the ball ii^mediat 
the speed of the ball imr 

in the acceleration of the ball v\Me it isyji cShtact with the ground. State the direction of this acceleration. 

A student measures the speed v of a trotHy as it^oves^byrf a slope. The variation of v with time t is shown 
in the graph in Figure 2.36. 

v/ ms- 1 
1.2 


ground the ball rebounds 
fora time of 0.16s. 


[ 2 ] 

[ 2 ] 

[3] 


Use the grafh to find the acceleration of the trolley when t = 0.7 s. 

tow the acceleration of the trolley varies between t = 0 and t = 1.0s. Explain your answer by 
reference to the graph. 

Determine the distance travelled by the trolley between t = 0.6 and t = 0.8 s. 

The student obtained the readings for v using a motion sensor. The readings may have random 
errors and systematic errors. Explain how these two types of error affect the velocity-time graph. 


[ 2 ] 

[3] 

[3] 

[2] 
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9 A car driver is travelling at speed von a straight road. He comes over the top of a hill to find a fallen tree 
the road ahead. He immediately brakes hard but travels a distance of 60 m at speed v before the bra 
are applied. The skid marks left on the road by the wheels of the car are of length 140 m (Figure 2. 

The police investigate whether the driver was speeding and establish that the car decelerates 
during the skid. 


top of hill 


skid marks 


IB 


60 m 140 m 

Figure 2.37 For End-of-chapter Question 9. 

a Determine the initial speed v of the car before the brakes aj^ applied 
b Determine the time taken between the driver coming 
Suggest whether this shows whether the driver was alert to 
c The speed limit on the road is 100 km/h. Determine wnether reaking the speed limit, 

10 A hot-air balloon rises vertically. At time t = 0, a ball Release?! . Figure 2.38 shows the 

variation of the ball’s velocity v with t. The ball hits the ground 

. ^ 

v/ms -1 





"5 that the acceleration of the ball is constant. 

l to: 

determine the time at which the ball reaches its highest point 
show that the ball rises for a further 12 m between release and its highest point 
determine the distance between the highest point reached by the ball and the ground. 

i relating v and t is v = 15- 9.81t. Explain the significance in the equation of: 
the number 15 
the negative sign. 


[1] 

[1] 

[ 2 ] 

[ 2 ] 

[1] 

[1] 
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11 An aeroplane is travelling horizontally at a speed of 80 ms -1 and drops a crate of emergency supplies 
(Figure 2.39). To avoid damage, the maximum vertical speed of the crate on landing is 20 m s -1 
You may assume air resistance is negligible. 


80 m s 



Figure 2.39 For End-of-chapter Question 11. 

a Calculate the maximum height of the aeroplane when the crate is dropped, 
b Calculate the time taken for the crate to reach the ground fn 
c The aeroplane is travelling at the maximum permitted hgjfxftt. C^lWlate JH Uiorizor? 
by the crate after it is released from the aeroplane. 
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Learning outcomes 


You should be able to: 

■ state Newton’s laws of motion 

■ identify the forces acting on a body in different situations 

■ describe how the motion of a body is affected by the 
forces acting on it 

■ solve problems using F=mo 

■ relate derived units to base units in the SI system 




• - 


Original material © Cambridge University Press 2014 







AS Level Physics 


Force and acceleration 


If you have ever flown in an aeroplane you will know 
how the back of the seat pushes you forwards when 
the aeroplane accelerates down the runway (Figure 
3.1). The pilot must control many forces on the 
aeroplane to ensure a successful take-off. 

In Chapters 1 and 2 we saw how motion can 
be described in terms of displacement, velocity, 
acceleration and so on. This is known as 
Now we are going to look at how we can explain how 
an object moves in terms of the forces which change 
its motion. This is known as 



IH 


Figure3.1An' + akes off-the force provide^ 
engines causes ti *t to accelerate. 


Calculating the acceleration 

Figure 3.2a shows how we represent the force which the 
motors on a train provide to cause it to accelerate. The net 
force is represented by a green arrow. The direction of 
arrow shows the direction of the net force. The qiagnitude 
(size) of the net force of 20 000 N is also shown 


F= 20 000 



> calculate the accelerlatioi^Taf the train produced 
r the net ifJFce F, we must also know the train’s mass m 
(T ities are related by: 

Fa 


Quantity 

Symbol 

Unit 

net force 

F 

N (newtons) 

mass 

m 

kg (kilograms) 

acceleration 

0 

ms -2 (metres per second squared) 



have F 


and m = 10000 kg, 



2ms 


-2 


.0000 

n figure 3.2b, tHe train is decelerating as it comes into a 
station. Its acceleration is -3.0 ms -2 . What force must be 
rovicled by tW braking system of the train? 

= ma= 10000 x-3 = -30000N 

e nmius sign shows that the force must act towards 
right in the diagram, in the opposite direction to the 
otion of the train. 

Force, mass and acceleration 

The equation we used above, F = ma, is a simplified version 
of Newton’s second law of motion. 


For a body of constant mass, its acceleration is directly 
proportional to the net force applied to it. 


An alternative form of Newton’s second law is given in 
Chapter 6 when you have studied momentum. Since 
Newton’s second law holds for objects that have a constant 

mass, this equation can be applied to a train whose mass 

p 

remains constant during its journey. The equation a - — 
relates acceleration, net force and mass. In particular, 
it shows that the bigger the force, the greater the 
acceleration it produces. You will probably feel that this is 
an unsurprising result. For a given object, the acceleration 
is directly proportional to the net force: 


Table 3.1 The quantities related by F - ma.Original material © Cambridge UniveiSity Press 2014 
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The equation also shows that the acceleration produced 
by a force depends on the mass of the object. The mass of 
an object is a measure of its inertia, or its ability to resist 
any change in its motion. The greater the mass, the smaller 
the acceleration which results. If you push your hardest 
against a Smart car (which has a small mass), you will have 
a greater effect than if you push against a more massive 
Rolls-Royce (Figure 3.3). So, for a constant force, the 
acceleration is inversely proportional to the mass: 

1 

a oc — 

m 

The train driver knows that, when the train is full during 
the rush hour, it has a smaller acceleration. This is because 
its mass is greater when it is full of people. Similarly, 
it is more difficult to stop the train once it is moving. 

The brakes must be applied earlier to avoid the train 
overshooting the platform at the station. 


WORKED EXAMPLES 


A cyclist of mass 60 kg rides a bicycle of mass 2C 
When starting off, the cyclist provides a forcj of 
200 N. Calculate the initial acceleration. 

Step 1 This is a straightforward example. FlVst, \ 
must calculate the combined ma^m of the bicycle 
and its rider: 

m- 20+ 60 = 80 kg 

We are given the force F: 
force causing acceleration F = 200 

Step 2 Substi|utinjLjff ese values gives 1 
F 

o - — ■ 
m 

So the cyclist 

A car of mass 50| k| lling J^cTFMfhpTie driver 

i red traffic M slows to a halt in 

alculate the 0 ?rce provided by the car. 

lust first calculate the 
Ir’s final velocity is 
ze in yetacity Av = 0 - 20= -20 m s _1 
jange in velocity 

time taken 

-20 

= »=- 2ms 

Step 2 To calculate the force, we use: 

F = mo - 500 * -2 = -1000 N 

So the brakes must provide a force of 1000 N. (The 
minus sign shows a force decreasing the velocity of 
the car.) 


exam 




mass m = 700 kg 

Figure 3.3 It is easier to make a 
large mass. 


force needed to give a car 





A rocket has a mass < 
instant, the net 
000 N. Calculat 


particular 
ocket is 


is question, you W\[[ need to make use of 
equations of motion which you studied in 
Chaprer 2.) A motorcyclist of mass 60 kg rides a 
bike of mass 40 kg. As she sets off from the lights, 
thejorward force on the bike is 200 N. Assuming 
the net force on the bike remains constant, 
lculate>the bike’s velocity after 5.0s. 


Understanding SI units 

In physics, we mostly use units from the SI system. These 
units are all defined with extreme care, and for a good 
reason. In science and engineering, every measurement 
must be made on the same basis, so that measurements 
obtained in different laboratories can be compared. This 
is important for commercial reasons, too. Suppose an 
engineering firm in Taiwan is asked to produce a small 
part for the engine of a car which is to be assembled in 
India. The dimensions are given in millimetres and the 
part must be made with an accuracy of a tiny fraction of 
a millimetre. All concerned must know that the part will 
fit correctly - it wouldn’t be acceptable to use a different 
millimetre scale in Taiwan and India. 

Engineering measurements, as well as many other 
technical measurements, are made using SI units to 
ensure that customers get what they expected (and can 
complain if they don’t). So governments around the 
world have set up standards laboratories to ensure that 
measuring instruments are as accurate as is required - 
scales weigh correctly, police speed cameras give reliable 
measurements, and so on. (Other, non-SI, units such as the 
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Base units, derived units 

The metre, kilogram and second are three of the seven SI 
base units. These are defined with great precision so that 
every standards laboratory can reproduce them correctly. 

Other units, such as units of speed (ms -1 ) and 
acceleration (m s -2 ) are known as derived units because 
they are combinations of base units. Some derived units, 
such as the newton and the joule, have special names 
which are more convenient to use than giving them in 
terms of base units. The definition of the newton will show 
you how this works. 

Defining the newton 

Isaac Newton (1642-1727) played a significant part 
in developing the scientific idea of force. Building on 
Galileo s earlier thinking, he explained the relationship 
between force, mass and acceleration, which we now write 
as F = ma. For this reason, the SI unit of force is named 
after him. 

We can use the equation F = ma to define the newtoij (N). 

One newton is the force that will give a 1 kg mass 
acceleration of lms -2 in the direction of the force. 

lN = lkgxims“ 2 or IN = lkg ms 

The seven base units 

In mechanics (the study of forces and 
we use are based on thi^daase units: the metre, J 
and second. As we move into studying electricir 
need to add another\>ase unit, the ampem. Heat re^ui: 
another base unit, the kelvin (the unit of temperature/ 
Table 3.2 shows the seven base units ot ttie ■ system. 
Remember that all other units can be derived rmm these 
sey^i. the equations that relate them are the equations 
rat you will learn as you gq alons (just as F = ma relates 
the newton to the kilogram, metre and second). The unit 
of luminous intensity is npt part of the A/AS course. 


Base unit 

Symbol 

Base unit 


x f i s etc. 

m (metre) 

mass 

m 

kg (kilogram) 

time 

t 

s (second) 

electric current 

I 

A (ampere) 

thermodynamic temperature 

T 

K (kelvin) 

amount of substance 

n 

mol (mole) 

luminous intensity 

I 

cd (candela) 


The pull of the Earth’s gravity on an ap^ 
weight) is about 1 newton. We 
international system of units by 
of force as the weight of an 
reasons as you can why thi 
useful definition. 




Other SI units 

Using only sevenbase units means that onl^ 

of quantities have to be defined with great precl 

would be confusion and possible contradiction if i 

units were also denned. Fonexample, if the den^ty of water 

exactty 1 gem -3 then 1000 cnr of a sample 

water would haye a mass of exactly 1 kg. However, it is 

ss of this volume of water would equal 

the standard kilogram. The standard 

kept in France, is the one standard from 

can ultimately be measured. 

units can be derived from the base units. This 

using the definition of the quantity. For example, 

ed is defined as distance ? an( J so the base units of 
time 

n the sKystem are ms -1 . 

he defining equation for force is F = ma, the base 



brce are kg ms -2 . 

Equations that relate different quantities must have the 
e base units on each side of the equation. If this does 
not happen the equation must be wrong. 


When each term in an equation has the same base units 
the equation is said to be homogeneous. 


Determine the base units of: 
force, 


pressure ( : 


:) 


Table 3.2 SI base quantities and units. In this course, you will 

, , . I, r. i ... , , Original material © Cambridge University Press 2014 

learn about all of these except the candela. a a 


area 

b energy (= force x distance) 

. . mass , 

c density = —;-) 

volume 

Use base units to prove that the following 
equations are homogeneous. 

a pressure 

= density x acceleration due to gravity x depth 
b distance travelled 

= initial speed x time + \ acceleration x time 2 

{s = ut + ^ot 2 ) 
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WORKED EXAMPLE 


It is suggested that the time T for one oscillation of 
a swinging pendulum is given by the equation 
T 2 = 4n 2 [l/g) where /is the length of the pendulum 
and g is the acceleration due to gravity. Show that 
this equation is homogeneous. 

Forthe equation to be homogeneous, the term on 
the left-hand side must have the same base units as 
all the terms on the right-hand side. 

Step 1 The base unit of time Tis s. The base unit of 
the left-hand side of the equation is therefore s 2 . 

Step 2 The base unit of / is m. The base units of g are 
ms -2 . Therefore the base unit of the right-hand side is 

(ms~ 2 ) ~ s2, (Notice that the constant 4tt 2 has no 

units.) 

Since the base units on the left-hand side of the 
equation are the same as those on the right, the 
equation is homogeneous. 


Prefixes 

Each unit in the SI system can have multiples ail^i sul 
multiples to avoid using very high (M- low numbers. For 
example 1 millimetre (mm) is one thousandt^nf a metre 
and 1 micrometre (pm) is one irmlionth of a metre. 

The prefix comes before the unit^n the unit mm, the 
first m is the prefix milli and the second m is the un 
metre. You will needjfo-recognise a number of prefixes f(? 
the A/AS course,ias shown in liable 3.3. 



Multiples 

Sub-multiples 

Multiple 

Prefix 

Symbol 

lyiultiple 

Prefix 

Symbol 

in 3 _ 

kilo 


10 -2 

cenTi 

c 

10 6 

^riega 

M V 

W 

mill 

m 

w * 


g 1 


micro 

M 

ho 12 ^ 

tera 

k 1 

i|> 9 

nano 

n 

10- 


p i 1 


pico 

P 


.3 Multiples and sub-multiples. 


You 


Find the area of one page of this 
then convert your value to m 2 . 

Write down in powers often 
following quantities: 

a 60 pA 
b 500 MW 
c 20000mm 


WORKEr <PLE 


4 Thedensr 

3 




>e this value 


|pd the conversi 

1-3 kg 

10“ 6 m 3 


units: 


:epl 

lgTlxlC 

1 orfl 3 = 1: 

Use these in the value forthe density of water: 
1.0 x l x iq -3 
1 x 10“ 6 

,= 1.0 x io 3 kgm -3 


The pull of gravity 


IBl^pmen using prefixes. 

SqTHring prefixes - for example: 
lcm = 10 -2 m 

so 1 cm 2 = (10~ 2 m) 2 = 10 -4 m 2 
and 1 cm 3 = (10~ 2 m) 3 = 10 -6 m 3 . 

Writing units - for example, you must leave a small space 
between each unit when writing a speed such as 3 m s" 1 , 
because if you write it as 3 ms -1 it would mean 
3 millisecond -1 . Original material © Cambridge 


Now we need to consider some specific forces - such as 
weight and friction. 

When Isaac Newton was confined to his rural home 
to avoid the plague which was rampant in other parts of 
England, he is said to have noticed an apple fall to the 
ground. From this, he developed his theory of gravity 
which relates the motion of falling objects here on Earth to 
the motion of the Moon around the Earth, and the planets 
around the Sun. 

The force which caused the apple to accelerate was the 
pull of the Earth s gravity. Another name for this force is the 
weight of the apple. The force is shown as an arrow, pulling 
vertically downwards on the apple (Figure 3.4). It is usual 
to show the arrow coming from the centre of the apple - 
its centre of gravity. The centre of gravity of an object is 
defined as the point where its entire weight appears to act. 

Figure 3.4 The weight of an object is a 
\ force caused by the Earth’s gravity. It acts 

20lvlertically down on the object. 
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Large and small 

A large rock has a greater weight than a small rock, but if 
you push both rocks over a cliff at the same time, they will 
fall at the same rate. In other words, they have the same 
acceleration, regardless of their mass. This is a surprising 
result. Common sense may suggest that a heavier object 
will fall faster than a lighter one. It is said that Galileo 
dropped a large cannon ball and a small cannon ball from 
the top of the Leaning Tower of Pisa in Italy, and showed 
that they landed simultaneously. He may never actually 
have done this, but the story illustrates that the result 
is not intuitively obvious - if everyone thought that the 
two cannon balls would accelerate at the same rate, there 
would not have been any experiment or story. 

In fact, we are used to lighter objects falling more 
slowly than heavy ones. A feather drifts down to the floor, 
while a stone falls quickly. However, we are being misled 
by the presence of air resistance. The force of air resistance 
has a large effect on the falling feather, and almost no 
effect on the falling stone. When astronauts visited th< 
Moon (where there is virtually no atmosphere anclso no 
air resistance), they were able to show that a feather and a 
stone fell side-by-side to the ground. 

As we saw in Chapter 2, an object falling freely Slose 
to the Earth s surface has an acceleration ofcoughly 
9.81 m s -2 , the acceleration of free fall g. 

We can find the force causing this acceleration usi: 

F = ma. This force is the object s weight Hence the 
weight W of an object is given by: 

weight = mass x aoiifflefa ^n of free fall 
or 

W -mg 

Gra vitatio nal fiefl( stft^gtl 

Heie is another way to think about the significance 
mtity indicatesTLOw strong gravity is at a 
Kcular place. The Earths gravitational field is stronger 
loon’s. On the Earth’s surface, gravity gives an 
acceleration of free fall of about Y.81 ms -2 . On the Moon, 

res an acceleration of free 
fall of aboutl.bm^ 2 . So £ indicates the strength of the 
gravitational field at a particular place: 

g = gravitational field strength 
and 

weight = mass x gravitational field strength 

(Gravitational field strength has units of Nkg -1 . This unit 
is equivalent to ms -2 .) 


Estimate the mass and weight of each 
following at the surface of the Earthy 

a a kilogram of potatoes 
b this book 
c an average student 
d a mouse 
e a 40-tonne truck. 

(For estimates, use g -10 m s -2 ; 


On the Mo on 

TheJioon is smaller alid has less mass tha 
aker. If you were to d 
, it woi* have a smaller accele: 
aut 1 m above ground level; a 





e Earth, and 
a stone on the 
lion. Your hand is 
e takes about 0.45 s to 
'distance on the Earth, but about 1.1 s on 
r the Moon. The acceleration of free fall on the 
t one-sixth of that on the Earth: 

gMool—-- 0-2 

It follows that ob^cts weigh less on the Moon than on the 
iarth. They are not completely weightless, because the 
)on’s d^vity is not zero. 

lass and weight 

re have now considered two related quantities, mass and 
r weight. It is important to distinguish carefully between 
these (Table 3.4). 

If your moon-buggy breaks down (Figure 3.5), it will 
be no easier to get it moving on the Moon than on the 
Earth. This is because its mass does not change, because it 
is made from just the same atoms and molecules wherever 
it is. From F = ma , it follows that if m doesn’t change, you 
will need the same force F to start it moving. 

However, your moon-buggy will be easier to lift on the 
Moon, because its weight will be less. From W = mg , since 
g is less on the Moon, it has a smaller weight than when on 
the Earth. 


Quantity 

Symbol 

Unit 

Comment 

mass 

m 

kg 

this does not vary from place to 
place 

weight 

mg 

N 

this a force - it depends on the 
strength of gravity 


Table 3.4 Distinguishing between mass and weight. 
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Figure 3.5 The mass 
of a moon-buggy 
is the same on the 
Moon as on the 
Earth, but its weight 
is smaller. 


Mass and inertia 

It took a long time for scientists to develop correct ideas 

about forces and motion. We will start by thinking about 

some wrong ideas, and then consider why Galileo, Newton^ 

and others decided new ideas were needed. 

Observations and ideas 

Here are some observations to think about: 

■ The large tree trunk shown in Figure 3.6 is bei 
from a forest. The elephant provides the force 
pull it along. If the elephant stops pi^ 
stop moving. 

■ A horse is pulling a cart. If the 
soon stops. 

■ You are riding a bicycle. If you stop p< 
come to a halt. 

■ You are driving along th^oad. You must 
on the accelerator pedal, otherwise the car wf 
moving. 

■ You kick a football. Thefcall rSlls along the gi 
gradually stops. 




d and 



your push on the bicycle pedals, the force of the car engine, 
the push of your foot. Without the force, the moving object 
comes to a halt. So what conclusion might we draw? 

A moving object needs a force to keep it moving. 

This might seem a sensible conclusion traraw, but it is 
wrong. We have not thought aboj^t all the forces involved. 
The missing force is friction. 

In each example above, friction i 
makes the object slow down ; 
force pushing or pulling it forward 
stop pedalling your cycle, air resistant 
down. There is^l so friction at the axles of the wheels, 
this too will slow down. If you could lubricate )POur 
axles and cyoe in a vacuum, you could trj^el alcmg at a 
stea dy spe ed 1 

n the 17th cenf^y, astronomej^beganfto use 

to observe the nighftsky. They saw that objects 
planets could move freely through space. They 
on moving, without anything providing a 
push them. Galileo came to the conclusion that 
this was the natural motion of objects. 

An object at rest will stay at rest, unless a force causes it to 

rt moving. 

A moving object will continue to move at a steady speed in 
e, unless a force acts on it. 

cts move with a constant velocity, unless a force 
them. (Being stationary is simply a particular 
case of this, where the velocity is zero.) Nowadays it is 
much easier to appreciate this law of motion, because we 
have more experience of objects moving with little or 
no friction - roller-skates with low-friction bearings, ice 
skates, and spacecraft in empty space. In Galileo s day, 
people s everyday experience was of dragging things along 
the ground, or pulling things on carts with high-friction 
axles. Before Galileo, the orthodox scientific idea was that 
a force must act all the time to keep an object moving - 
this had been handed down from the time of the ancient 
Greek philosopher Aristotle. So it was a great achievement 
when scientists were able to develop a picture of a world 
without friction. 

The idea of inertia 

The tendency of a moving object to carry on moving is 
sometimes known as inertia. 

■ An object with a large mass is difficult to stop moving-think 
about catching a cricket ball, compared with a tennis ball. 

■ Similarly, a stationary object with a large mass is difficult to 
start moving - think about pushing a car to get it started. 

■ It is difficult to make a massive object change direction - 


Figure 3.6 

tree from the 


An elephant provides the force needed to dragthis think about the 

r ^ Original material ©Cambridge University Press 20T 

ie forest. to keep moving 


way a fully laden supermarket trolley tries 


ep moving in a straight line. 
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All of these examples suggest another way to think of an 
object’s mass; it is a measure of its inertia - how difficult 
it is to change the object’s motion. Uniform motion is 
the natural state of motion of an object. Here, uniform 
motion means moving with constant velocity' or moving 
at a steady speed in a straight line'. Now we can summarise 
these findings as Newton’s first law of motion. 


An object will remain at rest or in a state of uniform 
motion unless it is acted on by a net external force. 


In fact, this is already contained in the simple equation we 
have been using to calculate acceleration, F = ma. If no net 
force acts on an object (F = 0), it will not accelerate (a = 0). 
The object will either remain stationary or it will continue 
to travel at a constant velocity. If we rewrite the equation as 
F 

■ , we can see that the greater the mass m, the smaller 

m 

the acceleration a produced by a force F. 


10 Use the idea of inertia to explain why some large 
cars have power-assisted brakes.^ 

Acarcrashes head-on into a brick wall. Use the 
idea of inertia to explain why the driver is me 
likely to come out through thewindscreen if he or 
she is not wearing a seat belt. 



Top speed 


Figure 3.7 The Thrust SSC rocket car broke the world land- 
speed record in 1997. It achieved a top speed of 763 mph (just 
over 340 m s -1 ) over a distance of 1 mile (1.6 km). 
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But why can’t they go any faster? Why can’t a car driver 
keep pressing on the accelerator pedal, and simply go 
faster and faster? 

To answer this, we have to think about .the two forces 
mentioned above: air resistance and the forward thrust 
(force) of the engine. The vehicle will accelerate so long as 
the thrust is greater than the air resistance. When the two 
forces are equal, the net force or the veldcle i^zero, and 
the vehicle moves at a steady velo^ 

Balanced and unbalanced forces 

If an object has two or more forces acting on it, we have 1 
consider whether or not they are ‘balanced’ (Figure 3.1 
Forces on an object are balanced when the net foreron the 
object i s zero . The object wUl either rem aiJii tmst or have 
a < / 

te the^sultani nr by adding up two 
ich act in the same straight line. We 
f of the direction of each force. In the 
e 3.8, forces to the right are positive and 
are negative. 

travels slowly, it encounters little air 
resistance. However, the faster it goes, the more air it has 
ush out of the jvay each second, and so the greater 

Two equal forces acting 
in opposite directions 
cancel each other out. 

We say they are balance' 

The car will continue to 
move at a steady velocit; 
in a straight line, 
resultant force = 0 N 


These two forces are 
unequal, so they do not 
cancel out. They are 
unbalanced. The car will 
accelerate, 
resultant force 
= 400 N - 300 
= 100 N to the right 


Again the forces are 
unbalanced. This time, 
the car will slow down oi 
decelerate, 
resultant force 
= 400 N - 300 N 
= 100 N to the left 

Figure 3.8 Balanced and unbalanced forces. 
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the air resistance. Eventually the backward force of air 
resistance equals the forward force provided between the 
tyres and the road, and the forces on the car are balanced. 
It can go no faster - it has reached its top speed. 

Free fall 

Skydivers (Figure 3.9) are rather like cars - at first, they 
accelerate freely. At the start of the fall, the only force 
acting on the diver is his or her weight. The acceleration of 
the diver at the start must therefore be g. Then increasing 
air resistance opposes their fall and their acceleration 
decreases. Eventually they reach a maximum velocity, 
known as the terminal velocity. At the terminal velocity 
the air resistance is equal to the weight. The terminal 
velocity is approximately 120 miles per hour (about 
50ms -1 ), but it depends on the divers weight and 
orientation. Head-first is fastest. 


greater relative to their weight and so their terminal 
velocity is quite low. Insects can be swept up several 
kilometres into the atmosphere by rising akstreams. Later, 
they fall back to Earth uninjured. It is said that mice can 
survive a fall from a high building for the same reason. 


Moving throug 




Air resistance is just one examp 
viscous forces which objects expe? 
through a fluid - a liquid or a gas. If) 
down the beada and into the sea, or triec 
through the watenof a swimming pool,; 
experiencedrhe forcexrf drag. The deeperlhe \\lf£r gets, 
the more it resiSs your movement andJjhe harder you have 
tawork to make progress through it. In deep water, it is 
easier to swim than to^vade. 

observe the effect of drag on a falling object if 
key or a coin into the deep end of a swimming 
the first few centimetres, it speeds up, but for the 
remainderJof its fall, it has a steady speed. (If it fell through 
samemistance in air, it would accelerate all the way.) 
The drag of^ater means that the falling object reaches its 
terminal velocity very soon after it is released. Compare 
this withal skydiver, who has to fall hundreds of metres 
before reaching terminal velocity. 

ing through air 

We rarely experience drag in air. This is because air is 
much less dense than water; its density is roughly ^ that 
of water. At typical walking speed, we do not notice the 
effects of drag. However, if you want to move faster, they 
can be important. Racing cyclists, like the one shown in 
Figure 3.11, wear tight-fitting clothing and streamlined 


Time 


Figure 3.10 The velocity of a parachutist varies during a 
descent. The force arrows show weight (downwards) and air 



Figure 3.11 A racing cyclist adopts a posture which helps to 
reduce drag. Clothing, helmet and even the cycle itself are 


resistance (upwards). 
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helmets. Other athletes may take advantage of the drag 
of air. The runner in Figure 3.12 is undergoing resistance 
training. The parachute provides a backward force against 
which his muscles must work. This should help to develop 
his muscles. 


WORKED EXAMPLES 


5 A car of mass 500 kg is travelling along a 
The forward force provided between 
and the road is 300 N and the air 
Calculate the acceleration 

Stepl Start by drawing a 
showing the forces mentio 
(Figure 3.13). Calculate the resi 
the force to the right is taken as 

resultant force = 300 - 200 = 100 N 

e F-ma to calculate the cef 





If you drop a large stone and a small stone fro 
the top of a tall building, which one will reach th 
ground first? Explain your aniwer. 

In a race, downhill skiers want toVavel as q 
as possible. They are always looking for waysto 
increase their^op Spaed. Explain howtney might 
do this. Think about: 

a theirskis 
b their clothirf 
their muscles 
slope. 



v 


Tersjumpfror 
seconds . Lhkwo divert wish 1 
^atch i 
re rrV 



at intervals of a few 
join up as they fall, 
the first. 


Than the other, 
ip first? Use the idea of forces 
I terminal velocity to explain your answer. 

Jivers are equally massive, suggest 
what the second might do to catch up with 


ure 3.13 The forces on an accelerating car. 


The maximum forward force a car can provide 
is 500 N. The air resistance Fwhich the car 
experiences depends on its speed according to 
F=0.2v 2 , where vis the speed in ms -1 . Determine 
the top speed of the car. 

Step 1 From the equation F=0.2v 2 , you can see 
that the air resistance increases as the car goes 
faster. Top speed is reached when the forward 
force equals the air resistance. So, at top speed: 

500 = 0.2v 2 

Step 2 Rearranging gives: 

500 


v 2 =- 


= 2500 


0.2 
v = 50ms _1 

So the car’s top speed is 50 m s -1 (this is about 
180 km h _1 ). 
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Identifying forces 


It is important to be able to identify the forces which act on an object. When we 
know what forces are acting, we can predict how it will move. Figure 3.14 shows 
some important forces, how they arise, and how we represent them in diagrams. 



Important ^tuations 


Diagram 


Force 




forward 
push on 
ro i - 1 car 

backward push 
on road 


Pushes and pulls. You can make an object accelerate by pushing a 
pulling it. Your force is shown by an arrow pushing (or pulling) the obj^l 
The engine of a car provides a force to push backwards on the road. 
Frictional forces from the road on the tyre push the car forwards. 




MIT 

w< 


weight 


Weight. This is the force of gravity acting on the obj 
by an arrow pointing vertically downwar dsimodb e 
gravity. 


aject in a 
stional field 
i the Moon 


friction 


pull 



Friction. This is the force which ari^s when^A/o surfaces rib over on^nother. 

If an object is sliding along the ground, friction acts in the clposite direction to 
its motion. If an object is stationary, but tending tojfide-Krhaps because il 
on a slope - the force of friction alts up the|lopg to stop ft from sliding down. 
Friction always acts along a surfacepnever at an angle to it. 


friction 



2 n. When an obje< 
lLr. Also, me objec 
i effect m a 
gh a liquid 


moves through air, 
as to push aside 
up drag. 

it experiences a drag 


Drag. This force is^imil 
there is friction betwee 
the air ^tmoves along. T< 

ilarly, \^hen an o[bj 

force. 

'ag aci|n||jjoppose the moti 
direction to theoi^bct’s velocity. 

streamlined shap< 

ecnn a find such as water or air experiences 

bat makes it possible for something to float in 


act; it acts in the opposite 
^reduced by giving the object a 


pulling an object 
alongthe ground 
vehicles cornering or 
skidding 

slidingdown a slope 

vehicles moving 
aircraft flying 
parachuting 
objects falling 
through air or water 
ships sailing 




Upthrust. Any obj( 
n upwards fore 

wat 

UpthriM^rises fr^^Wfe pressure which a fluid exerts on an object, 
eeperyou g^he greater the pressure. So there is more pressure on 
tte lower surface oran object than on the upper surface, and this tends to 
push irupwarcMTupthrust is greater than the object’s weight, it will float 
up to the surface. 


boats and icebergs 
floating 

people swimming 
divers surfacing 
a hotair balloon 
rising 


Contact force. When you stand on the floor or sit on a chair, there is 
usually a force which pushes up againstyour weight, and which supports 
you so that you do not fall down. The contact force is sometimes known 
os the normal reaction of the floor or chair. (In this context, normal means 
'perpendicular’.) 

The contact force always acts at right angles to the surface which 
produces it. The floor pushes straight upwards; if you lean against a wall, it 
pushes back againstyou horizontally. 


standingon the 
ground 

one object sitting on 
top of another 
leaning againsta wall 
one object bouncing 
off another 



tension 

, 

|tensio ! n [ 


Tension. This is the force in a rope or string when it is stretched. If you pull 
on the ends of a string, it tends to stretch. The tension in the string pulls 
back againstyou. It tries to shorten the string. 

Tension can also act in springs. If you stretch a spring, the tension pulls 
back to try to shorten the spring. If you squash (compress) the spring, the 
tension acts to expand the spring. 


pulling with a rope 
squashingor 
stretching a spring 


Figure 3.14 Some important forces. 
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Contact forces and upthrust 

We will now think about the forces which act when two 
objects are in contact with each other. When two objects 
touch each other, each exerts a force on the other. These 
are called contact forces. For example, when you stand on 
the floor (Figure 3.15), your feet push downwards on the 
floor and the floor pushes back upwards on your feet. This 
is a vital force - the upward push of the floor prevents you 
from falling downwards under the pull of your weight. 


it is low. Molecules hit the top surface of the ball pushing 
down, but only a few more molecules push upwards on 
the bottom of the ball, so the resultant force upwards, or 
the upthrust is low. If the ball is falling, aijj resistance is 
greater than this small upthrust but bqfh these brces are 
acting upwards on the ball. 



Figure 3.15 Equal and opposite contact forces act when y< 
stand on the floor. 


Where do these contact forces come from? When you 
stand on the floor, the floor becomes slightl^omprelsed. 

Its atoms are pushed slightly closer together, a 
interatomic forces push back againsnhe compressing 
force. At the same time, the atoms in yolr feet are 
pushed together so that they push back in the opposite 
direction. (It is hard to see tl^xompression ofrhe flo 
when you stand on it, but if you stan ^Lon a soft material 
such as foam rubber or a mattress you will liable toiie 
the compression clearly.) 

You can see from Fi^ire 3.15 that the fw@|orJKct 
forces act in opposite dilutions. Theyare also equal in 
magnitude. Jfswe will see shortly, this is a consequence of 
Newtonstmrd law of motio^^^^ 

»When an object is immersed in ^ fluid (a liquid or a 
gas), it experiences an upward force called ust. It is 
the upthrust of water which keeps a boat floating (Figure 
3Jt^mathe upthrust of mx which lifts a hot air balloon 
upwards.^^^^^^^^^ 

The Upthrust of water on a boat can be thought of as 
the contactm^^of the water on the boat. It is caused by 
the pressure of the water pushing upwards on the boat. 

Pressure arises from the motion of the water molecules 
colliding with the boat and the net effect of all these 
collisions is an upward force. 

An object in air, such as a ball, has a very small 
upthrust acting on it, because the densitpu^itJa^rftireaieiD^rcimbridge 


Without sufficient upthrust from the water, the 

Id sir 


Nam^Wese forces: 

the upward push of water on a submerged 
object 

the force which wears away two surfaces as 
they move over one another 

the force which pulled the apple off Isaac 
Newton’s tree 

the force which stops you falling through the 
floor 

e the force in a string which is holding up an 
apple 

f the force which makes it difficult to run 
through shallow water. 

Draw a diagram to show the forces which act 
on a car as it travels along a level road at its top 
speed. 

Imagine throwing a shuttlecock straight up 
in the air. Air resistance is more important for 
shuttlecocks than for a tennis ball. Air resistance 
always acts in the opposite direction to the 
velocity of an object. 

Draw diagrams to show the two forces, weight 
and air resistance, acting on the shuttlecock: 

a as it moves upwards 
b as it falls back downwards. 
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contact for<^^ 
(Earth on man) 


contact force 
(man on Earth) 


gravitational for< 
(man on Earth) 


Figure 3.11 For each of the forces thafthe Earth exerts on 
you, an equal and opposite force acts on the Earth. 


Newton’s third law of motion 

For completeness, we should now consider Newton’s third 
law of motion. (There is more about this in Chapter 6.) 

When two objects interact, each exerts a force on the 
other. Newton’s third law says that these forces are equal 
and opposite to each other: 


gravitational force 
(Earth on man 


(These two forces are sometimes described as action and 
reaction, but this is misleading as it sounds as though one 
force arises as a consequence of the other. In fact, the two 
forces appear at the same time and we can t say that one 
caused the other.) 

The two forces which make up a ‘Newton’s third law 
pair have the following characteristics: ^ 

■ They act on different objects. 

■ They are equal in magnitude. 

■ They are opposite in direction. 

■ They are forces of the same type. 


What does it mean to say that the fom 

type’? We need to think about theJ 

which causes the forces to apped 

■ Two objects may attract each othef becaus 
of their masses - these are gravitational forces 

■ Two objects may attract or repel I 
charges - electrical forces. 

■ Two objects may touch - contact forces. 

■ Two objects maybe attaored by a string and Dull < 
other-tension foi^es. 

■ Two objects may attract or repel becauseof their magnetic 
nagnetic forces. 


' shows a person standing on the Earth’s surface, 
d forces are a Newton’s third law pair, 

» contact forced Don’t be misled into thinking 
md me contact force of the floor 
l law pair. Although they are equal and 
opposite’, they do not aCt on different objects and they are 
not ofihe same 1 


escribe one ‘Newton’s third law pair’ of forces 
in^PPed in the following situations. In each case, 
state the object that each force acts on, the type 
t>f force and the direction of the force. 


You step on someone’s toe. 

A car hits a brick wall and comes to rest. 
A car slows down by applying the brakes. 
You throw a ball upwards into the air. 


When two bodies interact, the forces they exert on each 
other are equal in magnitude and opposite in direction. 
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Summary 


An object will remain at rest or in a state of uniform 
motion unless it is acted on by an external force. This 
is Newton’s first law of motion. 

For a body of constant mass, the acceleration is 
directly proportional to the net force applied to it. Net 
force F, 

mass m and acceleration o are related by the 
equation: 

net force = mass x acceleration 
F-mo 

This is a form of Newton’s second law of motion. 

When two bodies interact, the forces they exert on 
each other are equal in magnitude and opposite in 
direction. 

This is Newton’s third law of motion. 

The acceleration produced by a force is in the sjne 
direction as the force. Where there are two 
forces, we must determine the resultant f< 





A newton (N) is the force required to 
1 kg an acceleration of 1 m s“ 2 in tl 
force. 

The greater the mass of am 
changes in its motion. Mass 
object’s inertia. 

The weight of an object is a result! 
on it: 

weight = janass x acceleration of free fall I 
weight = rillss ^fcyitational 1 

Arml^ect falling freely under gravity has a constant 
accelera«n provraed the gravitational field strength 
stant. HoweveWuid resistance (such as air 
r resistance) reduces its acceleration. Terminal velocity 
led when the fluid rSptance is equal to the 
: of fne object. 
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End-of-chapter questions 



When a golfer hits a ball his club is in contact with the ball for about 0.0005 s and the ball leaves thj 
with a speed of 70 ms -1 . The mass of the ball is46g. 
a Determine the mean accelerating force. 

b What mass, resting on the ball, would exert the same force as in a? 

The mass of a spacecraft is 70 kg. As the spacecraft takes off from the Moon, the upwards force on 1 
caused by the engines is 500 N. The gravitational field strength on the Moon is l^N kg -1 . 
Determine: 

a the weight of the spacecraft on the Moon 
b the resultant force on the spacecraft 
c the acceleration of the spacecraft. 

A metal ball is dropped into a tall cylinder of oil. The ball initj^ 
a By considering the forces on the metal ball bearing, ( 
terminal velocity. 

b Describe how you would show that the metal ball reach^BBi&ir 

Determine the speed in ms -1 of an object that travels: 
a 3 pm in 5 ms 
b 6 km in 3 Ms 
c 8pmin4ns. 

Drtingthe\ 
aw, eacr 


Figure 3.18 shows a man who is just su 
in the diagram. According to Newton’s tl 
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A car starts to move along a straight, level road. For the first 10s, the driver maintains a constant 
acceleration of 1.5 m s' 2 . The mass of the car is 1.1 x 10 3 kg. 
a Calculate the driving force provided by the wheels, when: 

i the force opposing motion is negligible 

ii the total force opposing the motion of the car is 600 N. 
b Calculate the distance travelled by the car in the first 10s. 

Figure 3.19 shows the speed-time graphs for two falling balls 
3.0 






metal 





















plastic 

ball 














1 


2.5 

| 2.0 
"o 1*5 

CD 

CL> . n 
Q_ 1.0 
CO 

0.5 
0.0 

0.00 0.04 0.08 0.12 0.16 0.20 0.24 

Time/s 

Figure 3.19 For End-of-chapter Question m 

a Determine the terminal velocity of the plastic ball, 
b Both balls are of the same siz@#nd shape but th 
of Newton’s laws of motioa and the forces involvi 
velocity but the metal ball does 
c Explain why both balls have the same initial accelerati 

8 A car of mass 1200 kg accelerates fr^§ resiHg. a sj5feed of 8.0 





al ball has a gribt#Tnass. Explain, in terms 
wnty the plastic ball reaches a constant 


sis 1 in a time of 2.0s. 


Calculate the-3b$f/ard driving force Acting orvthe caPWTile it is accelerating. Assume that, at 
low speeds, all frictional forces are negligible. 

At high speeds the resistive frictional forced produced by air on a body moving with velocity vis given 
by the equation ^ bv^where b is a constant, 
i Derive the base units of force in the Srsystem. 

Determine the base units of b in the SI system. 

he car continues with the same forward driving force and accelerates until it reaches a top speed 
of 50 m s' 1 . At this speed the resistive force is given by the equation F-bv 2 . Determine the value 

of b fo r t h e ca 

h showing how the value of F varies with v over the range 0 to 50 m s' 1 . Use your 
ribe what happens to the acceleration of the car during this time. 

Explain what is meant by the mass of a body and the weight of a body. 

lain one situation in which the weight of a body changes while its mass remains constant, 
(difference between the base units of mass and weight in the SI system. 

State Newton’s second law of motion. 

When you jump from a wall on to the ground, it is advisable to bend your knees on landing. 

i State how bending your knees affects the time it takes to stop when hitting the ground. 

ii Using Newton’s second law of motion, explain why it is sensible to bend your knees. 
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iapter4: 

Forces - vectors 
and moments 


Learning outcomes 

You should be able to: 

■ add two or more coplanar forces 

■ resolve a force into perpendicular components 

■ define and apply the moment of a force and the torque of 
a couple 

■ apply the principle of moments 

■ state the conditions for a body to be in equilibrium 
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v- 


Combining forces 


You should recall that a vector quantity has both 
magnitude and direction. An object may have tvm or mon 
forces acting on it and, since these are vectors, we must use 
vector addition (Chapter 1) to find their combined effe 
(their resultant). 

There are several forces acting on the car (Figure 4.2) as 
it struggles up the steep hill. They 

■ its weight 1/1/ {-mg) 

■ the contact force N of the road (its normal^eactio 

■ air resistance D 

■ the forward force{ caused by friction between 
and the road. 

If we knew the magnitude akd direction of each o^pese 
forces, we could work out their a^nbined effect on the car. 

up the hill? Or will n slide backwards 


ultant ic 
two ol more 
example.' 


ed effect of several forces is known as the 
. To see how to work out the resultant of 
rces, we will start with a relatively simple 


prces in a straight line 

e examples in Chapter 3 of two forces acting 
Tght line. For example, a falling tennis ball may be 
ted on by two forces: its weight rag, downwards, and 
r resistance D, upwards (Figure 4.3). The resultant force 
is then: 

resultant force = mg-D = 1.0-0.2 = 0.8 N 

When adding two or more forces which act in a straight 
line, we have to take account of their directions. A force 
may be positive or negative; we adopt a sign convention to 
help us decide which is which. 

If you apply a sign convention correctly, the sign of 
your final answer will tell you the direction of the resultant 
force (and hence acceleration). 


Sailing ahead 


positive 

direction 


D = 0.2 N 


:1.0N 


Force is a vector quantity. Sailors know a lot about the 
vector nature of forces. For example, they can sail ‘into 
the wind’. The sails of a yacht can be angled to provide 
a component of force in the forward direction and 
the boat can then sail at almost 45° to the wind. The 
boat tends to ‘heel over’ and the crew sit on the side 
of the boat to provide a turning effect in the opposite 
direction (Figure 4.1). 


Figure 4.2 Four forces act on this car as it moves uphill. Figure 4.3 Two forces on a falling tennis ball. 
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Chapter 4: Forces - vectors and moments 


Two forces at right angles 

Figure 4.4 shows a shuttlecock falling on a windy day. 

There are two forces acting on the shuttlecock: its weight 
vertically downwards, and the horizontal push of the wind. 
(It helps if you draw the force arrows of different lengths, to 
show which force is greater.) We must add these two forces 
together to find the resultant force acting on the shuttlecock. 



6.0 N 


Direction 
of travel 

6.0 N 



8.0 N 


8.0 N 

Figure 4.4 Two forces act on this shuttlecock as it travels 
through the air; the vector triangle shows how to find the 
resultant force. 


We add the forces by drawing two arrows, eu|l-to-end, 
as shown on the right of Figure 4.4. 

■ First, a horizontal arrow is drawn to represent 
of the wind. 

■ Next, starting from the end of this arrow, we draw a^ecor 
arrow, downwards, representing the weight of 8.0 N. 

■ Now we draw a line from the start of the first arrow tc 
the end of the second arrow. This arrow repr^ents the 
resultant force R, in both magnitude ancldirectic 

The arrows are added by drawing them end-to-end; tne 
end of the first arrow is the start of the second arrow. JNDow 
we can find the resultantkforce either by scale drawing or 
by calculation. In this case^ we have a 3-4-5 right-angled 
triangle, so calculatic! 

^ 2 + 8.0 2 = 36 + 64 4 fOO 



So the resultant forceps 10N, at an angle of 53° below 
the horizontal. Tms is a reasonable answer; the weight 
is pulling the shuttlecock downwards and the wind is 
pushing it to the right. The angle is greater than 45° because 
the downward force is greater than the horizontal force. 



If you draw a scale drawing be careful to: 

■ state the scale used 

■ draw a large diagram to reduce th ^uncertainty. 

Three or more force 

The spider shown in Figure 
blown sideways by the wind, 
forces acting on it: 

■ weight acting downwards 

■ the tension in the thread 

■ the pusmof the wind 

The diagram also shows how these cai^be addled together. 
Imthis case, we arrive at an interesting result. Arrows are 

drawn to represent each of the three forces, end-to-end. 

? the third arrow coinciderwith the start of the 
: arrow, so tjle three arrows form a closed triangle. This 
lat the resultant force R on the spider is zero, that 
is, R = 0. me closed triangle in Figure 4.5 is known as a 
forces. 

So there as no resultant force. The forces on the spider 
.balance each otjier out, and we say that the spider is in 
juilibrii^Wf the wind blew a little harder, there would 
be ai^unbalanced force on the spider, and it would move 
: to the right. 

Ve can use this idea in two ways: 

If we work out the resultant force on an object and find that 
it is zero, this tells us that the object is in equilibrium. 

If we know that an object is in equilibrium, we know that the 
forces on it must add up to zero. We can use this to work out 
the values of one or more unknown forces. 


tension in 
thread 



push of wind 


weight 



weight 


Figure 4.5 Blowing in the wind - this spider is hanging in 
equilibrium. 
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A parachutist weighs 1000 N. When she opens her 
parachute, it pulls upwards on her with a force of 
2000 N. 

a Draw a diagram to show the forces acting on 
the parachutist. 

b Calculate the resultant force acting on her. 
c What effect will this force have on her? 

The ship shown in Figure 4.6 is travelling at a 
constant velocity. 

a Is the ship in equilibrium (in other words, is the 
resultant force on the ship equal to zero)? How 
do you know? 

What is the upthrust U of the water? 

What is the drag D of the water? 


upthrust U 



Figure 4.6 For Question 2. The forcel) is the 
frictional drag of the w ater on the boat. Like air 
resistance, drag is always jjnhe opposite direction i 
the object’s motion. 

A stone is dropp^l into^a fast^jiowing stream. I 
does not fall vertically, because ofth^M^rays 
Hhe water (Figure 4.7). 

jlate the resultant force on the stone, 
i equill 



hrust L/ = 0.5N 


push of water 
F- 1.5 N 


weight 1/1/ = 2.5 N 


Components of vectors 

Look back to Figure 4.5. The spider is in equilibrium, even 
though three forces are acting on it. We can think of the 
tension in the thread as having two effec 

■ it is pulling upwards, to counteractjrad^Fiward effint of 
gravity 

■ it is pulling to the left, to cou nlffte Mfc. effect oithii^hd. 

We can say that this force has two Effects or opponents: 
an upwards (vertical) component and a sideways 
(horizontal) component. It is often useful to split i 
vector quantity,ihto components like this, juM as we die 
with velocity ife Chapter 2. The components arem t\ 
directions at right angles to each other, ofte||itorizontal 
and vej^^^The process is called resolving the vector. 
Then we can think about the effects of each component 
hat theperpendicularxomponents are 
pendent of one another. Because the two components 
ther, a change® one will have no effect 
ure 4.8 shows how to resolve a force F into 
iT£ horizontafand vertical components. These are: 

^•izont»K x component of F, F x = Fc os 9 
ent off 7 , F v = Fsin0 


F y = Fs\n 6 



Figure 4.7 For Question 3. 


F x -F cos 6 

Figure 4.8 Resolving a vector into two components at right 
angles. 

Making use of components 

When the trolley shown in Figure 4.9 is released, it 
accelerates down the ramp. This happens because of the 
weight of the trolley. The weight acts vertically downwards, 
although this by itself does not determine the resulting 
motion. However, the weight has a component which 
acts down the slope. By calculating the component of 
the trolley s weight down the slope, we can determine its 
acceleration. 

Figure 4.10 shows the forces acting on the trolley. To 
simplify the situation, we will assume there is no friction. 
The forces are: 

■ 1/1/, the weight of the trolley, which acts vertically downwards 

■ N, the contact force of the ramp, which acts at right angles 
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Chapter 4: Forces - vectors and moments 



Figure 4.9 These students are investigating the acceleration 
of a trolley down a sloping ramp. 


You can see at < 
cannot be balanced,: 
straight line. 

fown the slope, we need 
id the slope. The slope 
1, and from the 
fie between the weight and 
|ng tile rule for calculating the 
pen above, we have: 

?wn the slope = W cos (90° - 9) 

= Wsin 6 

(It is helpTOraTrecall that cos (90° - 9) = sin 9; you can see 
this from Figure 4.10.) 


Does the contact force N help to accelerate the trolley 
down the ramp? To answer this, we must calculate its 
component down the slope. The angle bet^igen R and the 
slope is 90°. So: 

component of R down the slope j )° = 0 

The cosine of 90° is zero, and so R he nponert down 

the slope. This shows why it is useful c in terms of 

the components of forces; we < 

but, since it has no effect down the slope, we Can ignore] 
(Theres no surprise about this rS 
down the slope because of the influence 
because it is flushed by the contact force, 


Changing^ kipe 





W1 

y have’ 

|lope will 
work out the 


* of their 
*p with greater 
r d so the component 
ased. 

leys acceleration. If the 


m, its weight is mg. So the force F making 
down the slope is: 

9 

ewton’s second law for constant mass we 
trolley’s acceleration a is given by: 

= g sin 9 

We could have arrived at this result simply by saying that 
the trolleys acceleration would be the component of g 
down the slope (Figure 4.11). The steeper the slope, the 
greater the value of sin 0, and hence the greater the trolley’s 
acceleration. 

ramp. 


component down 
slope = g sin 9 



(90 - 9) 


Figure 4.11 Resolving g down the ramp. 
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The person in Figure 4.12 is pulling a large box 
using a rope. Use the idea of components of a 
force to explain why they are more likely to get the 
box to move if the rope is horizontal (as in a) than 
if it is sloping upwards (as in b). 



Figure 4.12 Why is it easier to move the box with the 
rope horizontal? See Question 4. 

5 A crate is sliding down a slope. The weight of the 
crate is 500 N. The slope makes an angle of 30° with 
the horizontal. 

a Draw a diagram to show the situation. I 
arrows to represent the weight of the cr< 
and the contact force of the slope acting 
the crate. 

b Calculate the component 
the slope. 

c Explain why the contact force of the 
no component down the slope 

d What third fortnight act to oppo3 
motion? In which direction would it 



ponents at 
then be treated 
idea can be used to 
ked example 1. 


kg is on a water slide. The 
de slopes down at 25° to the horizontal. The 
acceleratiori of free fall is 9.81 ms -2 . Calculate the 
child’s acceleration down the slope: 

a when there is no friction and the only force 
acting on the child is his weight 

b if a frictional force of 80 N acts up the slope. 


WORKED EXAMPLE 


A boy of mass 40 kg is on a waterslide wh 
at 30° to the horizontal. The frictionaL 
slope is 120 N. Calculate the boy’sjccelera 
the slope. Take the acceleration 
9.81ms' 2 . 




Figure 4.13 For 

Draw a labelled diagram showing all the 
acting on the object orinterest (Figure 4.13). 
known as a e-body force diagram. The 

forces are: 

the boy’s weight 1/1/= 40 * 9.81 = 392 N 
e frictional force up the slope F -120 N 
the contact force N at 90° to the slope. 

2 We are trying to find the resultant force on 
oy which makes him accelerate down the slope, 
resolve the forces down the slope, i.e. we find 
their components in that direction. 

component of 1/1/down the slope = 392 x cos60° 

= 196 N 

component ofFdown the slope = -120 N 
(negative because Fis directed up the slope) 

component of N down the slope = 0 
(because it is at 90° to the slope) 

It is convenient that N has no component down the 
slope, since we do not know the value of N. 

Step 3 Calculate the resultant force on the boy: 
resultant force = 196 -120 = 76N 
Step 4 Calculate his acceleration: 

resultant force 


acceleration : 


mass 


76 

■ —— — 1.9 ms' 2 
40 


So the boy’s acceleration down the slope is 1.9 m s' 2 . 
We could have arrived at the same result by resolving 
vertically and horizontally, but that would have led 
to two simultaneous equations from which we would 
have had to eliminate the unknown force N. It often 
helps to resolve forces at 90° to an unknown force. 
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Chapter 4: Forces - vectors and moments 


Centre of gravity 


We have weight because of the force of gravity of the 
Earth on us. Each part of our body - arms, legs, head, 
for example - experiences a force, caused by the force of 
gravity However, it is much simpler to picture the overall 
effect of gravity as acting at a single point. This is our 
centre of gravity. 


The centre of gravity of an object is defined as the point 
where all the weight of the object may be considered 
to act. 


For a person standing upright, the centre of gravity is 
roughly in the middle of the body, behind the navel. 

For a sphere, it is at the centre. It is much easier to solve 
problems if we simply indicate an object s weight by a 
single force acting at the centre of gravity, rather than a j 
large number of forces acting on each part of the object. 
Figure 4.14 illustrates this point. The athlete perfo 
complicated manoeuvre. However, we can : 
centre of gravity follows a smooth, parabolic ] 
the air, just like the paths of projectiles we discf 
Chapter 2. 


BOX 4.1: Finding the centre of gravity 


The centre of gravity of a thin sheet, or lamina, of 
cardboard or metal can be found by suspending it 
freely from two or three points (Figure 4.15). 


Figure 4.15 The centre of 
ction of the lines. 




ed at the 


Figur||4.14 The dots indicate the athlete’s centre of gravity, 
which follows a smooth trajectory through the air. With his 
body curved like this, the athlete’s centre of gravity is actually 
outside his body, just below the small of his back. At no time is 
the whole of his body above the bar. 


Small holes are made mPffa the edge of the 
rragularlyshaped object. A pin is put through one 
of the noles and held firmly in a clamp and stand 
so the object can swing freely. A length of string is 
ached to the pin. The other end of the string has 
a heavy mass attached to it. This arrangement is 
.calledcNPfumb line. 

Jhe object will stop swinging when its centre of 
ity is vertically below the point of suspension. A 
is drawn on the object along the vertical string 
of the plumb line. The centre of gravity must lie on 
this line. To find the position of the centre of gravity, 
the process is repeated with the object suspended 
from different holes. The centre of gravity will be at 
the point of intersection of the lines drawn on the 
object. 


The turning effect of a force 

Forces can make things accelerate. They can do something 
else as well: they can make an object turn round. We say 
that they can have a turning effect. Figure 4.16 shows how 
to use a spanner to turn a nut. 

To maximise the turning effect of his force, the 
operator pulls close to the end of the spanner, as far as 
possible from the pivot (the centre of the nut) and at 90° to 
the spanner. 
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The unit of moment is the newton metre (N m). This is 
a unit which does not have a special name. You can also 
determine the moment of a force in N cm. 

Figure 4.17b shows a slightly more comi |ed 
situation. F 2 is pushing at an angle 6 tolhe . r, rather 
than at 90°. This makes it have less turning 
are two ways to calculate the moment < 

Method 1 

Draw a perpendicular line from 1 

force, F 2 x x 2 . From the right-angled triang 
that: 

x 2 = d sin 6' 


Figure 4.16 A mechanic turns a nut. 

Moment of a force 

The quantity which tells us about the turning effect of a 
force is its moment. The moment of a force depends on 
two quantities: 

■ the magnitude of the force (the bigger the force, the greater 
its moment) 

■ the perpendicular distance of the force from the pivo 
(the further the force acts from the pivot, the grater it: 
moment). 

The moment of a force is defined as folTows: 


The moment of a force = force xyaerpendicular distance 

the pivot from the line of action oftnSforce. 


is at 90° to the lever. 





e result as Method 1: 


Figure 4.17a shows these quantities. The rofaft lq m pushing 
down on the lever, at a perpendicular distance x x from the 
pivot. The moment of the force F x about the pivot is then 

givenmy: 

■moment = force x distanceYrombivot 


Notothat any force (such as the component F 2 cos 6) which 
masses through the pivot has no turning effect, because the 
diSance from the pivot to the line of the force is zero. 

balanced or unbalanced? 

Ve can use the idea of the moment of a force to solve two 
sorts of problem: 

■ We can check whether an object will remain balanced or 
start to rotate. 

■ We can calculate an unknown force or distance if we know 
that an object is balanced. 

We can use the principle of moments to solve problems. 
The principle of moments states that: 


For any object that is in equilibrium, the sum of the 
clockwise moments about any point provided by 
the forces acting on the object equals the sum of the 
anticlockwise moments about that same point. 



a b 

Figure 4.17 The quantities involved in calculating the 
moment of a force. 


Note that, for an object to be in equilibrium, we also 
require that no resultant force acts on it. The Worked 
examples that follow illustrate how we can use these ideas 
to determine unknown forces. 
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Chapter 4: Forces - vectors and moments 


WORKED EXAMPLES 


2 Is the see-saw shown in Figure 4.18 in equilibrium 
(balanced), or will it start to rotate? 


-2.0 m- 


Figure 4.18 Will these forces make the see-saw rotate 
or are their moments balanced? 

The see-saw will remain balanced, because the 20 N 
force is twice as far from the pivot as the 40 N force. 

To prove this, we need to think about each force 
individually. Which direction is each force trying to turn 
the see-saw, clockwise or anticlockwise? The 20 N force 
is tending to turn the see-saw anticlockwise, while thr 
40 N force is tending to turn it clockwise. 

Step 1 Determine the anticlockwise moment; 
moment of anticlockwise force = 20 x 2.0 = 40 N m 

Step 2 Determine the clockwise moment: 
moment of clockwise force = 40 xJL.O = 40 N m" 

Step 3 We can see that: 
clockwise moment = anticl^ikwise 

So the see-saw is balanced andIherefon 
rotate. The see-saw is in equilibriu 

The beam shown in Figure 4.19 is in equilibrium. 
Determine the force X. 


Step 2 Determine the anticlockwise mong|jlt: 
moment of anticlockwise force -X x ( 

Step 3 Since we know that the beam mi e balanced, 
we can write: 

= su To m e n t s 

20 = Xx 0.8 
20 
0.8 



The unknown forcaXis tending to turn the beam 
anticlockwise. The other two forces (10 N and 20 N) are 
t rading to turn tne beam clockwise. We will start by 
calculating their moments and adding them together. 

Ste|Kruetermine the clockwise moments: 

sum of moments of clockwise forces 

= (10 x 1.0) + (20 x 0.5) 

= 10 +10 = 20 N m 


4.0cm 

Figure 4.20 The human arm. For Worked example 4. 

An object of weight 50 N is held in the hand with the 
forearm at right angles to the upper arm. Use the 
principle of moments to determine the muscular force 
F provided by the biceps, given the following data: 
weight of forearm = 15 N 
distance of biceps from elbow = 4.0 cm 

distance of centre of gravity 

of forearm from elbow = 16 cm 

distance of object in the hand from elbow = 35 cm 

Step 1 There is a lot of information in this question. 

It is best to draw a simplified diagram of the forearm 
that shows all the forces and the relevant distances 
(Figure 4.21). All distances must be from the pivot, which 
in this case is the elbow. 
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AS Level Physics 


WORKED EXAMPLES (continued) 


elbow 


4.0cm 


15 N 


16cm 


■ arm 


50 N 


35 cm 


Figure 4.21 Simplified diagram showing forces on the 
forearm. For Worked example 4. 


7 A wheelbarrow is loaded as shown in Figure\22. 

a Calculate the force that the gardener needsio ex 
to hold the wheelbarrow’s legs off the grounc 

b Calculate the force exerted by the ground on th 
legs of the wheelbarrow (taken both together 
when the gardener is not holding the handles. 



Step 2 Determine the clockwise moments:^ 

sum of moments of clockwise forces 

= (15 x 0.16 >0 x 0.35) 

19.9 Nr 

Step 3 Determine the anticlockwise moment^ 
moment of anticlockwise force =Tx 0.04 

Step 4 Since the arm is in balance, aSordingtoJ:he 
principle of moments we have: 

sum of clockvyiii.nloments 

= sum of anticlockwiseTflHUPPs 

19.9 = 0.04 r 

19 




1 7 1 — 

-1-1-1-1 

T 111 1.. 

1 1 1 1 1 1 1 M 1 

— i 

i 

i 

| 30 cm 

io;g 

i 

i 

i ^ 


f 45 cm 

i 

i 


Figure 4.23 For Question 8. 

Figure 4.24 shows a beam with four forces acting on it 

a For each force, calculate the moment of the force 
about point P. 

b State whether each moment is clockwise or 
anticlockwise. 

c State whether or not the moments of the forces 
are balanced. 


F 1 = 10 N 


F 4 = 5 N 




25 cm—►◄—25 cm 


-50 cm- 


8 Atraditional pair of scales uses sliding masses of 
10 g and 100 g to achieve a balance. A diagram of the 
arrangement is shown in Figure 4.23. The bar itself is 
supported with its centre of gravity at the pivot. 

a Calculate the value of the mass M, attached atX. 

b State one advantage of this method of measuring 
mass. 

c Determine the upward force of the pivot on the bar. 
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Figure 4.24 For Question 9. 


F 2 = 10 N F 3 = 10 N 







































Chapter 4: Forces - vectors and moments 


The torque of a couple 

Figure 4.25 shows the forces needed to turn a cars steering 
wheel. The two forces balance up and down (15 N up 
and 15 N down), so the wheel will not move up, down or 
sideways. However, the wheel is not in equilibrium. The 
pair of forces will cause it to rotate. 


15 NA 



f 15 N 


0.20 m 


0.20 m 


Figure 4.25 Two forces act on this steering wheel to make i 
turn. 

A pair of forces like that in Figure 4.25 is Known as a 
couple. A couple has a turning effect, but does not cause 
an object to accelerate. To form a couple, the two fore 
must be: 

■ equal in magnitude 

■ parallel, but opposite in direction^ 

■ separated by a distance d. 

The turning effect oj Moment of a couple il knowikas its"' 
torque . We can calculate the torque of the couple in Figure 
4.25 by adding the moments of each fog^e about the centre 
of the wheel: 

torque of couple = 

ONi 

lave found the same result by multiplying one of 
: forces b^J*Ktpendicular distance between them: 

d5xU4?6.0Nm 
. defined as follows: 


toij W one of the forces* perpendicular 

distance between the forces 




The driving wheel of a car travelling 
velocity has a torque of 137 N mj 
the axle that drives the car (Fjj 
radius of the tyre is 0.18 r 
force provided by this \ 


a constant 
►to it by 
i). The 



ire turning effect 

When we calculate the moment of a single force, the result 
lends o|i the r point or pivot about which the moment 
acts.Hhe further the force is from the pivot, the greater 
le moment. A couple is different; the moment of a couple 
do^not depend on the point about which it acts, only 
, on the perpendicular distance between the two forces. 

A single force acting on an object will tend to make the 
object accelerate (unless there is another force to balance 
it). A couple, however, is a pair of equal and opposite 
forces, so it will not make the object accelerate. This means 
we can think of a couple as a pure ‘turning effect 1 , the size 
of which is given by its torque. 


For an object to be in equilibrium, two conditions must be 
met at the same time: 

■ The resultant force acting on the object is zero. 

■ The resultant moment is zero. 
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Summary 


Forces are vector quantities that can be added by 
means of a vector triangle. Their resultant can be 
determined using trigonometry or by scale drawing. 

Vectors such as forces can be resolved into 
components. Components at right angles to one 
another can be treated independently of one another. 
For a force Fat an angle 6 to thex-direction, the 
components are: 

x-direction: FcosO 
y-direction: Fs\n6 

The moment of a force = force* perpendicular 
distance of the pivot from the line of action of 
the force. 


The principle of moments states that, for any object 
that is in equilibrium, the sum of the clockwise 
moments about any point provided by the 
forces acting on the object equals the sum of the 
anticlockwise moments about thaLsame point. 

A couple is a pair of equal, parallel but oppc^ite forces 
whose effect is to produce a turnip effectpn a bod\ 
without giving it linear acceleration. 

torque of a couple = one of the forces xpSpendicula 
distance^etweemthe forces 

For an object to be in equilibrium, the resistant force 
ting aathe ooject must be zero jmd theTesultant 
moment must be zero. 




End-of-chapter qu 

1 A ship is pulled at a constant speed 
ship does not produce any force. 


mn in Figure 4.27. The engine of the 



i cable between A and Band the ship is 4000 N. 
f diagram showing the three horizontal forces acting on the ship, 
jgram to scale showing these three forces and use your diagram to find the value 
of the drag forceron the ship. 


[2] 

[2] 
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Chapter 4: Forces - vectors and moments 


2 A block of mass 1.5 kg is at rest on a rough surface which is inclined at 20° to the horizontal as shown 
in Figure 4.28. 


Figure 4.28 For End-of-chapter Question 2. 

a Draw a free-body diagram showing the three forces acting on the block, 
b Calculate the component of the weight that acts down the slope, 
c Use your answer to b to determine the force of friction that acts on the block, 
d Determine the normal contact force between the block ancLthe surface. 

3 The free-body diagram (Figure 4.29) shows three forces that act on a stone hangilg at rest 



tension in string 
1.00 N 


Figure 4.29 For End-of-chapter Questio 

a Calculate the horizontal component of the tension in each string. Why should these two components 
be equal in magnit 

b Calculate the Vertical component of the tension in each string, 
c Use your answe^to b to calculatethe weight of the stone. 

Draw a vector diagram of theforces on the stone. This should be a triangle of forces, 
your diagram in d to calculate the weight of the stone. 

i Figure 4.30 has a moment of 40 N m about the pivot. Calculate the magnitude 



[5] 

[4] 

[ 2 ] 

[1] 

[ 2 ] 


2.0 m- 



Figure 4.30 For End-of-chapter Question 4. 
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AS Level Physics 


The asymmetric bar shown in Figure 4.31 has a weight of 7.6 N and a centre of gravity that is 0.040 m fror 
wider end, on which there is a load of 3.3 N. It is pivoted a distance of 0.060 m from its centre < 

Calculate the force P that is needed at the far end of the bar in order to maintain equilibrium. 


, 0.040 m 


0.060 m 


0.080 m 


load 



W = 7.6 N 

load =3.3 N 

Figure 4.31 For End-of-chapter Question 5. 

6 a Explain what is meant by: 

i a couple 

ii torque. 

b The engine of a car produces a torque of 200 I^ti on tl 
The car travels at a constant velocity tow. 


ground 




station of the wheel, and the horizontal component 


Figure 4.32 For End-of-chapter Questio 

i Copy Figure 4.32 and show the dire 
of the force that the road exerts on the 

ii State thl resultant torque on the wheel. Explain your answer. 

iii The diameter of the car wheel is 0.58 m. Determine the value of the horizontal component of 
the force of the road on the whee 

in what is meant by tfie centre of gravity of an object, 
agpole of mass 25 kg is held in a horizontal position by a cable 
u re ^.33. The centre of gravity of the flagpole is at 
distance of 1.5 m from tne fixed end. 

ion to represent taking moments about the 
of the flagpole. Use your equation to find the 
tens idiff irffhe cable. 

Determine the vertical component of the force at the 
nd end of the flagpole. 




[ 2 ] 

[ 2 ] 

[ 1 ] 

[2] 


[4] 

[2] 


Figure 4.33 For End-of-chapter Question 7. 
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Chapter 4: Forces - vectors and moments 


8 a State the two conditions necessary for an object to be in equilibrium. 

b A metal rod of length 90cm has a disc of radius 24cm fixed rigidly at its centre, as shown in 
Figure 4.34 The assembly is pivoted at its centre. 




Figure 4.34 For End-of-chapter Question 8. 

Two forces, each of magnitude 30 N, are applied norma 
produce a turning effect on the rod. A rope is attach 
Calculate: 

i the torque of the couple produced by the 30 N forces 

ii the tension Tin the rope. 

9 a Explain what is meant by the torque of a o 
b Three strings, A, B and C, are attached to a 


string C 


[1] 

[3] 

[ 2 ] 


Figure 4.35 

The strings and th 
LA is 8.ON. Ca\d 


lontal surface and are at rest. The tension in 
istriiTgsBandC. 
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Figure 4.36 shows a picture hanging symmetrically by two cords from a nail fixed to a wall. 
The picture is in equilibrium. 



Figure 4.36 For End-of-chapter Ques 

a Explain what is meant by equilibrium, 
b Draw a vector diagram to represent the three forcesllfting on the picture in the vertical plane. 

Label each force clearly with its name and showtfhe direction of each force with an arrow, 
c The tension in the* cord is 45 N and the angletftateach end of the cord makes with the 
horizontal 1*50°. Ealculat 

i the vertical compoijifi^PtVie^HHI i the cord 
the weight!: 




[ 2 ] 

[ 2 ] 


[ 1 ] 

[ 1 ] 


Original material © Cambridge University Press 2014 

















Chapter 5: 

Work, energy 
and power 


§P^ 


i -*7 

M 

hJ 




' 




' 4 


You should be able to: 


■ give examples of conversions of energy between 
different forms 

■ understand and use the concept of work 

■ apply the principle of conservation of energy to simple 
examples involving energy in different forms 

■ derive and use the formulae for kinetic energy and 
potential energy 

■ define and use the equation for power 


Learning outcomes 
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The idea of energy 


The Industrial Revolution started in the late 
18th century in the British Isles. Today, many 
other countries are undergoing the process of 
industrialisation (Figure 5.1). Industrialisation began 
as engineers developed new machines which were 
capable of doing the work of hundreds of craftsmen 
and labourers. At first, they made use of the traditional 
techniques of water power and wind power. Water 
stored behind a dam was used to turn a wheel, 
which turned many machines. By developing new 
mechanisms, the designers tried to extract as much 
as possible of the energy stored in the water. Steam 
engines were developed, initially for pumping water 
out of mines. Steam engines use a fuel such as coal; 
there is much more energy stored in 1kg of coal than in 
lkg of water held behind a dam. Steam engines soon 
powered the looms of the textile mills, and the British 
industry came to dominate world trade in textiles. 

Nowadays, most factories and mills rely on 
electrical power, generated by burning coal or g- 
a power station. The fuel is burnt to release it 
of energy. High-pressure steam is generated, t 
turns a turbine which turns a generator. Even in 
most efficient coal-fired power statk *>nly abou 
40% of the energy from the fuel i r ■* to tfu 

electrical energy that the station. s -id. 

Engineers strove to develop mack hie., 
the most efficient use of the energy sup,. > thei. 

At the same time, seif "%ts were working*. basic 
ideas of energy tra '■ >r Sy transforn. 

The idea of energy i sloped; it v. 






Figure 5.2 The jet engines of this Airbus A38 
designed to mak ' : cient use of their fuel. Ifth 
efficient, their t, ^ht only be sufficient to lift 

aircraft, and the pa s would have to be ’ '‘•behind. 


st that. '' ctrical energy 
so on co llbethou*, oeing, in some 

•^y, forms' same thing.. .act, steam engines 
s eer for 150 years before it was realised 
v .ergy came from the heat supplied to them 

froi. *uel. 

The t steam engines had very low efficiencies 
many cc d less than 1% of the energy supplied 
em into ..eful work. The understanding of the 
k ship between work and energy led to many 
ingt ,s ways of making the most of the energy 
supplied by fuel. 

This improvement in energy efficiency has led to 
che design of modern engines such as the jet engines 
which have made long-distance air travel a commercial 
possibility (Figure 5.2). 
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Doing work, transferring energy 

The weight-lifter shown in Figure 5.3 has powerful 
muscles. They can provide the force needed to lift a large 
weight above her head - about 2 m above the ground. The 
force exerted by the weight-lifter transfers energy from 
her to the weights. We know that the weights have gained 
energy because, when the athlete releases them, they come 
crashing down to the ground. 


Figure 5.3 It is hard w 


work 


Doing work 

Not doing work 

Pushing a car to start it 
moving: your force transfers 
energy to the car. The car’s 
kinetic energy (i.e. ‘movement 
energy’) increases. 

Pushinga car but itdoes 
not budge: n^nergy is 
transferred, because your 
force does not move it. The 

c^^|i n eti <Wn e rg^^^n ot 

Lifting weights: you are doing J 
work as the weights move 
upwards. The gravitational 
potential energy of the 
weights increases. 

Holding weights aboveyour 

Ud: you are not doing 

work on the weigpts (even 
though you ms^find ittingg) 
becausStheforcewoua^ply 
is not mo^ng them. The 

gravitational potential errergy 
of the weights isviot changing. 

A falling stone!i|e force of 

gra^^^hoingv^k. The 
stone’s kinetic,energy is 
increasing. 

The Moon^ktiing the Earth: 
the for^ of gravity is not doing 
wod^The l\|oon’s kinetic 
energy is^ot changing. 

Panting anjessay: you are 
doing wojc because you neea^ 
l^forceio moveyour pen 
acte^the page, or to press 
the keysJPi the keyboard. 

Reading an essay: this may 
seem like ‘hard work’, but no 
Torce is involved, so you are 
not doingany work. 


ts and transfers energy to 
is doing work. ‘Doing 
from one object to 
ow the scientific meaning 
to say it is That which is 
moves through a distance 1 . So 
closely linked concepts, 
use an everyday word but with a 
special meaning. Work is an example of this. Table 5.1 
describes some situations which illustrate the meaning of 
doing work in physics. 

It is important to appreciate that our bodies sometimes 
mislead us. If you hold a heavy weight above your head 

for some time, your muscles will get tired. However, 

Original material © Cambridge 


Table 5.1 1|je meaning of‘doing work’ in physics. 

are flot doing any work on the weights, because you 
transferring energy to the weights once they are 
ur head. Your muscles get tired because they are 
relaxing and contracting, and this uses energy, 
but none of the energy is being transferred to the weights. 

Calculating work done 

Because doing work defines what we mean by energy, 
we start this chapter by considering how to calculate 
work done. There is no doubt that you do work if you push 
a car along the road. A force transfers energy from you to 
the car. But how much work do you do? Figure 5.4 shows 
the two factors involved: 

■ the size of the force F -the bigger the force, the greater the 
amount of work you do 

■ the distances you push the car-the further you push it, the 
greater the amount of work done. 

So, the bigger the force, and the further it moves, the 
greater the amount of work done. 


The work done by a force is defined as the product of the 
force and the distance moved in the direction of the force: 
W=F*s 

where s is the distance moved in the direction of the force. 
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AS Level Physics 


In the example shown in Figure 5.4, 

F = 300 N and s = 5.0 m, so: 

work done W = Fxs = 300 x 5.0 = 1500 J 


F- 300 N 
s = 5.0 m 




Figure 5.4 You have to do work to start the car moving. 


Energy transferred 

Doing work is a way of transferring energy. For both 
energy and work the correct SI unit is the joule (J). The 
amount of work done, calculated using W= Fxs, shows 
the amount of energy transferred: 


work done = energy transferred 


Newtons, metres and joules. 

From the equation W= Fxs we can see how th^unit < 
force (the newton), the unit of distance (the metre) fciidl 
unit of work or energy (the joule) arerelated. 

1 joule = 1 newt^ 
lJ = lNm 



The joule is defined as 
a for<^^jga£wton move: 
the direction of the force, 
transferrec^it follows that 
energy transferred when a fo: 
distance of 1 metre in the dire 



len 

ance <5f 1 metre in 
rk done = energy 
: also the amount of 
^newton moves a 
of the force. 


In each of the following examples, expl^frwhether 
or not any work is done by the force mentioned. 

a You pull a heavy sack along rough ground. 

b The force of gravity pullsyou downwards \ 
you fall off a wall. 

c The tension in a string] 
you whirl it around in a cir 

d The contact force of the I 
you from falling into the room I 

A man ofmass 70 kg climbs stairs of verf 
2.5 m. Calculate the work done against the^rc^Sf 
gravity. (Ta ke g = 1 m s“ 2 ' 

>f weight 10 N f^lls from the top of a 250 m 

how much work is done by the force 
in pulling me stoneto the foot of the 

uch energy is transferred to the stone? 


ce and direction 

is important to appreciate that, for a force to do work, 
there must be movement in the direction of the force. Both 
e foree F and the distance s moved in the direction of 
force are vector quantities, so you should know that 
eir directions are likely to be important. To illustrate 
this, we will consider three examples involving gravity 
(Figure 5.5). In the equation for work done, W = Fxs , the 
distance moved s is thus the displacement in the direction 
of the force. 

Suppose that the force F moves through a distance 
s which is at an angle 6 to F, as shown in Figure 5.6. To 
determine the work done by the force, it is simplest to 
determine the component of F in the direction of s. This 
component is Fc os 9, and so we have: 

work done = (F cos 9)xs 
or simply: 

work done = Fs cos 6 

Worked example 1 shows how to use this. 
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Chapter 5: Work, energy and power 


Doing work 


Not doing work 



30 m 




1 You drop a stone weighing 5.0 N from 
the top of a 50 m high cliff. What is the 
work done by the force of gravity? 

force on stone F 

= pull of gravity = weight of stone 
= 5.0 N vertically downwards 


Distance moved by stone iss = 50 m 
vertically downwards. 

Since Fand s are in the same direction 
there is no problem: 
work done = Fxs 

= 5.0x50 
= 250 J 


2 A stone weighing 5.0 N rolls 50 m down 
a slope. What is the work done by the 
force of gravity? 

force on stone F 

= pull of gravity = weight of ston^ 

= 5.0 N vertically downwards 


Distance moved I 
50 m, but distant 
force is 30 m. 



3 A satellite orbitsxhe Earthwat a constant 
height and at a coratant ^R^ifThe 

weight of the satellite at this height fs 
500 N. What is the work oone by The 
.force of gravity? 

force on satellite/_ 

jll of graj'ty = w^fght of satellite 

= 50kN t^/vards centre of Earth 




Distant 
of Earth ( 
s = 0. 


atellite towards centre 
direction of force) is 


The satellite remains at a constant distance 
from the Earth. It does not move in the 
direction of F. 

The work done by the Earth’s pull on the 
satellite is zero because F -500 N buts = 0: 

work done = 500x0 
= 0 J 


Figure 5.5 Three examples involvi 


igure5.6 The work done by a force 
epends on the angle between the 
force and the distance it moves. 


"'EXAMPLE 


r l A manjpulls a box along horizontal ground using a rope 
(Figure 5.7). The force provided by the rope is 200 N, at 
an angle of 30° to the horirontal. Calculate the work 
don^fthe box mojes5.0m along the ground. 

Step 1 Calculate the component of the force in the 
direction in which the box moves. This is the horizontal 
component of the force: 

ho^^mal component of force = 200cos30° ~ 173 N 

Hint: Fcos 6 is the component of the force ot on angle 6 to 
the direction of motion. 

Step 2 Now calculate the work done: 
work done = force x distance moved = 173 x 5.0 = 865 J 



5.0 m 

Figure 5.7 For Worked example 1. 

Hint: Note that we could hove used the equation 
work done = Fs cos 6 to combine the two steps into one. 


Original material © Cambridge University Press 2014 

































AS Level Physics 


A gas doing work 

Gases exert pressure on the walls of their container. If 
a gas expands, the walls are pushed outwards - the gas 
has done work on its surroundings. In a steam engine, 
expanding steam pushes a piston to turn the engine, and 
in a car engine, the exploding mixture of fuel and air does 
the same thing, so this is an important situation. 


piston pushed 
by gas 



Figure 5.8 When a gas expands, it does work on its 
surroundings. 


Figure 5.8 shows a gas at pressure]? inside a cylinder 
of cross-sectional area A. The cylinder is closed by a 
moveable piston. The gas pushes the piston a distance s. 
we know the force F exerted by the gas^^he piston, we 
can deduce an expression for the amount of work done by 
the gas. 

From the definition of pressure (pressure = ° r ^ e ), 
force exerted by the gas on the piston is g^en by: 
force = pressure x aj 

F = pxA 

and the work done is 
W = pxAxs 

But th e quant ity A x s is the increase iiTvolumeTof the gas; 

led volume in Figure r 5.8. We call this AV^ 
Indicates that ir is a change in V! Hence the 
Lexpa^ding i: 


|g that the pressure p does not 
This will be true if the gas is 
essure of the atmosphere, which 



The crane shown in Figure 5.9 lifts its 5Q§JN load 
to the top of the building from A to B. Distances 
are as shown on the diagram. Calculate how much 
work is done by the crane. 



Notice 1 

v ; as i 
expandinj 
changes only very * 


Figure 5.10 For Question 5. 


When you blow up a balloon, the expanding 
balloon pushes aside the atmosphere. Flow much 
work is done against the atmosphere in blowing 
up a balloon to a volume of 2 litres (0.002 m 3 )? 
(Atmospheric pressure = 1.0 x io 5 N rrf 2 .) 
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Chapter 5: Work, energy and power 


Gravitational potential energy 

If you lift a heavy object, you do work. You are providing 
an upward force to overcome the downward force of 
gravity on the object. The force moves the object upwards, 
so the force is doing work. 

In this way, energy is transferred from you to the 
object. You lose energy, and the object gains energy. We 
say that the gravitational potential energy £ p of the object 
has increased. Worked example 2 shows how to calculate a 
change in gravitational potential energy - or g.p.e. 
for short. 


WORKED EXAMPLE 


2 A weight-lifter raises weights with a mass of 200 kg 
from the ground to a height of 1.5 m. Calculate how 
much work he does. By how much does the g.p.e. of 
the weights increase? 

Step 1 As shown in Figure 5.11, the downward force 
on the weights is their weight, W=mg. An equa 
upward force F is required to lift them. 


ion. 

& the work done by the 


(ice moved is in the same 
fee. So the work done on the 
2940 J. This is also the value of the 
Fir g.p.e. 


An equation for gravitational potential 
energy 

The change in the gravitational potential energy (g.p.e.) of 
an object, E p , depends on the change^! its height, h. We 
can calculate E p using this equation 

change in g.p.e. = weight x^hange in height 

£ p = (mg) x h 
or simply 
E p = mgh 

It should be clear where this equation cdhies from. The 
force needed to lift an object is equal to its weight mg 
where m is the mass eft the object and g is the aB%eferation 
of free fall or the gravitational field strength on the 
E^Jlh’s SuMace. Tn^ivorkfbne by this fbifiis given by 




rce x distance move 

hat it takes a 

he object Jeinf raised to li 
pvid 

up 


ge in height. You 
the weight of 
, but this is not so. 

rce is equal to the weight, the object will 
r ds at a steady speed. 


Note that h stands for the vertical height through 
wnich the object moves. Note also that we can only use the 
equation E p = mgh for relatively small changes in height. 

would not work, for example, in the case of a satellite 
orbiting the Earth. Satellites orbit at a height of at least 
00 km and g has a smaller value at this height. 

Other forms of potential energy 

^Potential energy is the energy an object has because 
of its position or shape. So, for example, an object s 
gravitational potential energy changes when it moves 
through a gravitational field. (There is much more about 
gravitational fields in Chapter 18.) 

We can identify other forms of potential energy. An 
electrically charged object has electric potential energy 
when it is placed in an electric field (see Chapter 8). 

An object may have elastic potential energy when it is 
stretched, squashed or twisted - if it is released it goes back 
to its original shape (see Chapter 7). 
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WORKED EXAMPLE 


Calculate how much gravitational potential 
energy is gained if you climb a flight of stairs. 
Assume that you have a mass of 52 kg and that the 
height you lift yourself is 2.5 m. 

A climber of mass 100 kg (including the equipment 
she is carrying) ascends from sea level to the top 
of a mountain 5500 m high. Calculate the change 
in her gravitational potential energy. 

a A toy car works by means of a stretched rubber 
band. What form of potential energy does the 
car store when the band is stretched? 

b A bar magnet is lying with its north pole next 
to the south pole of another bar magnet. A 
student pulls them apart. Why do we say that 
the magnets’ potential energy has increased? 
Where has this energy come from? 


Calculate the increase in kinetic energy 
mass 800 kg when it accelerates fron^ 

30 ms -1 . 

Step 1 Calculate the initial k.e. ofth 
E k = h™ 1 = I x 800 x (20) 2 1 160 00C[J 
= 160 kJ 

Step 2 Calculate the final k.e. of 
E k = h™ 2 = I x 800 x (30) 2 = 360 000 J 
=360kl 

Step 3 Calculat^he change in the car’s k.e.: 
change in k^ = 360 -160 = 200 kJ 

Hint: Take care Wo u can’tea leu late the change in k.e. 
bysquarin&he change in speed. In thisWxample, the 
"change in speed is 10 m s~\ and this Would give an 
incorrect value for the change in Ice. 



Kinetic energy 


As well as lifting an object, a force can make it accelerate. 
Again, work is done by the force and energy is transferr 
to the object. In this case, we say that it h^s gained kineti 
energy, E k . The faster an object is mojf ing, the greater its 
kinetic energy (k.e.). 


For an object of mass m travelling at a soee wma e 
kinetic energy =J x mas^speed 2 

--±mv 2 


Deri ving the fori 

: equation ffer k.e., E k - 




,.2 ; 


^■ffetic energy 

elated to one of the 


equations of 

^motion. We imagine a 

car being accelerated 

from rest ( u 

= 0) to velocity v. To gb 

ke it acceleration a, it 

is pushed by 

a force F for a distance 

s. Since u- 0, we can 

write the eqi 

nation v 2 = u 2 1 2 as as: 



Multiplying 

both sides by \m gives: 


\mv 2 = n 

las 



Now, ma is the force F accelerating the car, and mas is the 
force x the distance it moves, that is, the work done by the 
force. So we have: 


10 Which has more k.e., a car of mass 500 kg 
travelling at 15 m s -1 or a motorcycle of mass 
0 kg travelling at 30 m s -1 ? 


lJB^a leu late the change in kinetic energy of a ball of 
mass 200g when it bounces. Assume that it hits 
the ground with a speed of 15.8 m s -1 and leaves 
it at 12.2 ms -1 . 


g.p.e.-k.e. transformations 


A motor drags the roller-coaster car to the top of the first 
hill. The car runs down the other side, picking up speed 
as it goes (see Figure 5.12). It is moving just fast enough 
to reach the top of the second hill, slightly lower than the 
first. It accelerates downhill again. Everybody screams! 

The motor provides a force to pull the roller-coaster 
car to the top of the hill. It transfers energy to the car. But 
where is this energy when the car is waiting at the top of 
the hill? The car now has gravitational potential energy; 
as soon as it is given a small push to set it moving, it 
accelerates. It gains kinetic energy and at the same time it 
loses g.p.e. 


\mv 2 - work done by force F 
This is the energy transferred to the car, and hence its 
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Figure 5.12 The roller-coaster car accelerates as it comes 
downhill. It’s even more exciting if it runs through water. 

As the car runs along the roller-coaster track (Figure 
5.13), its energy changes. 

1 At the top of the first hill, it has the most g.p.e. 

2 As it runs downhill, its g.p.e. decreases and its k.e. 
increases. 

3 At the bottom of the hill, all but 10 J of its g.p.^^as 
been changed to k.e. and heat and sound energy. 

4 As it runs back uphill, the force of gravity^lows it 
down. k.e. is being changed to g.p.e. 

Inevitably, some energy is lost by the can There is Hrict 
with the track, and air resistance. So the car cannot jetur: 
to its original height. That is why the second hill mus 
slightly lower than the first. It is fun if the car runs through 
a trough of water, but that takes even more energ)^nd the 
car cannot rise so hi gh. T here are many snuationkwhen 
an object s energ^hanges between gravitational potential 
energy and kineti< 

■ a high diver falling towards ange?tok.e. 

■ a ball is thrown upwards - k.e. changes to g.p.e. 

■ a child on a swing - energy changes rth between 


Down, up, down - energy 
changes 

When an object falls, it speeds up. Its g.i^e. decreases 
and its k.e. increases. Energy is being transformed from 
gravitational potential energy to kinetic energy. So^energy 
is likely to be lost, usually as heat because of air resistance. 
However, if no energy is lost in the proc£SS,jve hav 

decrease in g.p.e. = gain in k.e. 

We can use this idea to solve a variefy of pro^ems, \ 
illustrated by Worked example 4. 


WORKE 


dulurrTJconsists of a brass sphere of mass 5.0 kg 
hangin&from a long string (see Figure 5.14). The 
ere is pulled to the side so tharit is 0.15 m above 
est position, ibis then released. How fast will it 
oving when it passes through the lowest point 
Its path? 



0.15 m 



Figure 5.14 For Worked example 4. 
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Figure 5.13 Energy changes along a rollar-igtaaktaterial © Cambridge University Press 2014 
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WORKED EXAMPLE (continued) 


Step 1 Calculate the loss in g.p.e. as the sphere falls 
from its highest position: 

E p = mgh = 5.0 x 9.81 x 0.15 = 7.36 J 

Step 2 The gain in the sphere’s k.e. is 7.36 J. We 
can use this to calculate the sphere’s speed. First 
calculate v 2 , then v: 

\mv 2 = 7.36 

f x 5.0 x\/ 2 = 7.36 

- 7.36 

i/ 2 = 2 x —— = 2.944 
5.0 

v - V 2.944 ~ 1.72 ms" 1 ~ 1.7 ms" 1 

Note that we would obtain the same result in Worked 
example4 no matter what the mass of the sphere. 
This is because both k.e. and g.p.e. depend on 
mass m. If we write: 

change in g.p.e. = change in k.e. 
mgh = ^mv 2 

we can cancel m from both sides. Hence: 

, v 2 

gh=- 


i/2 — 


2 gh 


Therefore: 
v= V 2 gh 

The final speed v only depends on g an 
m of the objectjf irrelev ant. This is not surprising: 
could use the sfame equation to^alculate the 
of an object falling from height h. An oblect of 
mass gains the same skeed as an object o 
mass, provided ainresistgnce J^as no effect. 





Energy transfers 

Climbing bars 

If you are going to climb a mountain, yoi 
a supply of energy. This is because; 
potential energy is greater at the toj 
at the base. A good supply of en| 
chocolate. Each bar supplies 12C 
is 600 N and you climb a 2000 m hTfffi mountair 
done by your muscles is: 

work done = Fs = 600 x 2000 = 1200 kj^ 

So one bar of chocolate will do the trick. Of a! 
reality, it would not. Your body is inefficient. It calapot 
convert 100% of the energvfrom food into* gravitational 
potential energy. A lot of energy is wasted as your muscles 
;pire, and your body rises md falls as 
path. Your body is perhaps only 5% 
"cient as faJBBIimbing is concerired, and you will 

colate bars to get you to the top of the 
ountMn. And you will need to eat more to get you back 
d^ 

y transfers are inefficient. That is, only part 
the erlergy is transferred to where it is wanted. The rest 
sted, and appears in some form that is not wanted 
waste neat), or in the wrong place. You can 

the efficiency of any device or system using the 
equation: 

m . useful output energy 

efficiency =-^— -— x 100% 

7 total input energy 

A car engine is more efficient than a human body, but not 

much more. Figure 5.16 shows how this can be represented 

by a Sankey diagram. The width of the arrow represents 

the fraction of the energy which is transformed to each 

new form. In the case of a car engine, we want it to provide 



ample 4f6r a brass sphere of mass 10 kg, and 
esame result. Repeat with any other value 

13 Calculate how much gravitational potential energy is lost by an 
:raft of mass 80 000 kg if it descends from an altitude of 10 000 m 
an altitudeof 1000 m. What happens to this energy if the pilot 

keeps the aircraft’s speed constant? 

14 A high diver (see Figure 5.15) reaches the highest point in her jump 
with her centre of gravity 10 m above the water. Assuming that all 
her gravitational potential energy becomes kinetic energy during 
the dive, calculate her speed just before she enters the water. 



Figure 5.15 A high 
dive is an example 
of converting 
(transforming) 
gravitational 
potential energy to 
kinetic energy. 
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Chapter 5: Work, energy and power 


chemical 
energy 
supplied 
to engine 


100 % 



80% . heat to 

environment 

kinetic 
energy 
to wheels 


Figure 5.16 We want a car engine to supply kinetic energy. This 
Sankey diagram shows that only 20% of the energy supplied to 
the engine ends up as kinetic energy - it is 20% efficient. 


kinetic energy to turn the wheels. In practice, 80% of the 
energy is transformed into heat: the engine gets hot, and 
heat escapes into the surroundings. So the car engine is 
only 20% efficient. 

We have previously considered situations where an 
object is falling, and all of its gravitational potential energy 
changes to kinetic energy. In Worked example 5, we will 
look at a similar situation, but in this case the energy 
change is not 100% efficient. 

Conservation of energy 

Where does the lost energy from the water in {he res 
go? Most of it ends up warming the water, or war 


WORKED EXAMPLE 


Figure 5.17 sl^ ||aiP which stores water. The^i ?t 
ofthedamis2< )elow the &yrf ace of the water in e 

reservoir. Waite ^ig the dam is moving at IS m 
Calculate the r (ntageof the gravitational ootential 

energy that is l vhen converted into kinetic energy. 


pipes that the water flows through. The outflow of water is 
probably noisy, so some sound is produced. 

Here, we are assuming that all of the energy ends up 
somewhere. None of it disappears. We assume the same 
thing when we draw a Sankey diagram. Thetotal thickness 
of the arrow remains constant. ’ 
arrow which got thinner (energy disappearing 
(energy appearing out of no^ 

We are assuming that energ^ 
a principle, known as the principl3^^^^K*vation < 
energy, which we expect to apply in all situati 


Energy cannot be ?d. It can 

converted from one form to another. 





s be aBle to add up the total amount of 
inning, afJci be able to account for it all at 
not be sure tnSrthis is always the case, but 
hold true. 

e to think about energy changes within a closed 
t is, we have to draw an imaginary boundary 
The interacting objects which are involved in 



Step 1 We will picture 1 kg of water, starting at the 
surface of the lake (where it has g.p.e., but no k.e.) and 
flowing downwards and out at the foot (where it has k.e., 
but less g.p.e.). Then: 

change in g.p.e. of water between surface and outflow 

= mgh = 1 x 9.81 x 20 = 196 J 

Step 2 Calculate the k.e. of lkg of water as it leaves the 
dam: 

k.e. of water leaving dam = \mv 2 

4 x lx (16) 2 
= 128 J 

Step 3 For each kilogram of water flowing out of the 
dam, the loss of energy is: 

loss = 196- 128 = 68 J 


outlet 


Figure 5.17 Water stored behind the dam has 
gravitational potential energy; the fast-flowing 
water leaving the foot of the dam has kinetic energy. 


68 

percentage loss = —— x 100% = 
196 


35% 


If you wanted to use this moving water to generate 
electricity, you would have already lost more than a third 
of the energy which it stores when it is behind the dam. 
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AS Level Physics 


Sometimes, applying the principle of conservation of 
energy can seem like a scientific fiddle. When physicists 
were investigating radioactive decay involving beta 
particles, they found that the particles after the decay had 
less energy in total than the particles before. They guessed 
that there was another, invisible particle which was 
carrying away the missing energy. This particle, named 
the neutrino, was proposed by the theoretical physicist 
Wolfgang Pauli in 1931. The neutrino was not detected by 
experimenters until 25 years later. 

Although we cannot prove that energy is always 
conserved, this example shows that the principle of 
conservation of energy can be a powerful tool in helping us 
to understand what is going on in nature, and that it can help 
us to make fruitful predictions about future experiments. 


15 A stone falls from the top of a cliff, 80 m high. When 
it reaches the foot of the cliff, its speed is 38 m s -1 . 

a Calculate the proportion of the stone’s initj 
g.p.e. that is converted to k.e. 

b What happens to the rest of the stone’s! 
energy? 




Power 

The word power has several different mean? 
power, powers of tern electrical power from poJ 
In physics, it has a specific meaning which is relaH0ll 
these other meaningsYFigtire 5.18 illustrates ^yriat we^mran 
by power in physics. 

The lift shown in Figlire 5.18 can lift a heavy load of 
people. The motor at the top of the building provides a 
foice to raise the lift car, arid this force does work against 
y. The motor transfers energy to the lift 
jotoris the rate at which it does 
le rSWoi work done. As a word 



where W is the work done in a time t. 

Units of power: the watt 

Power is measured in watts, named after James Watt, the 


Figure 5.18 A ift needs a powerfuBnotor to raise the car 
when it has a full Toad of people. The motor does many 
ousands of joules of work each second. 

ngine in the second half of the 18th century. The watt is 
lied as a rate working of 1 joule per second. Hence: 

tt = 1 jTmle per second 


= IJs- 1 

practice we also use kilowatts (kW) and megawatts (MW). 
1000 watts = 1 kilowatt (1 kW) 

1000000 watts = 1 megawatt (1 MW) 

You are probably familiar with the labels on light bulbs 
which indicate their power in watts, for example 60 W or 
10W. The values of power on the labels tell you about the 
energy transferred by an electrical current, rather than by 
a force doing work. 


16 Calculate how much work is done by a 50 kW car 
engine in a time of 1.0 minute. 

17 A car engine does 4200 kJ of work in one minute. 
Calculate its output power, in kilowatts. 

18 A particular car engine provides a force of 700 N 
when the car is moving at its top speed of 40 m s -1 . 

a Calculate how much work is done by the car’s 
engine in one second. 

b State the output power of the engine. 


Scottish engineer famous for his developm^ilta^fritill^r^legirDambridge University Press 2014 
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WORKED EXAMPLE 


The motor of the lift shown in Figure 5.18 provides a 
force of 20 kN; this force is enough to raise the lift by 
18 m in 10s. Calculate the output power of the motor. 

Step 1 First, we must calculate the work done: 
work done = force x distance moved 
= 20 x 18 = 360 kJ 

Step 2 Now we can calculate the motor’s output 
power: 

work done 360 x io 3 


powen 


time taken 


10 


■ = 36 kW 


Hint: Take core not to confuse the two uses of the 
letter ‘W’: 

W = wott (o unit) 

1/1/= work done (o quantity) 

So the lift motor’s power is 36 kW. Note that this is 
its mechanical power output. The motor cannot 
be 100% efficient since some energy is bound to 
be wasted as heat due to friction, so the electa© 
power input must be more than 36 kW. 


Moving power 

An aircraft is kept moving forward? 
engines pushing air backwards. The j 
the faster the aircrafig^noving, the great? 
supplied by its engines. 

Suppose that al aircraft is movin g^yit h veloc 
engines provide the force F ridded to overcometneTLrag 
of the air. In time t, me aircraft moves a distanc^ equal to 
v x t. So th e work donqby th©€ngines is: 

work done = force x listanc 




rk done 

tal3 


) is-given by: 



It may help to think of this equation in terms of units. 

The right-hand side is in N x m s _1 , and N m is the same 
as J. So the right-hand side has units of J s“A or W, the unit 
of power. If you look back to Question 18 above, you will 
see that, to find the power of the caymgin^rather than 
considering the work done in 1 sjwe could simphAave 
multiplied the engine s force by the car s speec 

Human power 

Our energy supply comes from our food. A typical diet 
supplies 2000-3000 kcal (kilocalories; per day./Ihis^is 
equivalent (in SI units) to about 10 MJ of^nergy. We neecl 
this energyior our daily requirements - keeping warm, 
moving about, brainwork and so on. We am deHrmine 
the a verag e power of alltfre activities ^f our body: 

average] 


dissipate energy at the rate of about 100 W. We 
supply rougnly as much energy to our surroundings as a 
00 W lignt bulb. Twenty people will keep a room as warm 
as 12 kW electric heater. 

that this is our average power. If you are doing 
demandmg physical task, your power will be greater, 
is illustrated in Worked example 7. 

also that the human body is not a perfectly 
system; a lot of energy is wasted when, for 
example, we lift a heavy load. We might increase an 
object's g.p.e. by 1000 J when we lift it, but this might 
require five or ten times this amount of energy to be 
expended by our bodies. 


19 In an experiment to measure a student’s power, 
she times herself running up a flight of steps. Use 
the data below to work out her useful power, 
number of steps = 28 
height of each step = 20 cm 
acceleration of free fall = 9.81 m s“ 2 
mass of student = 55 kg 
time taken = 5.4s 


power = force x velocity 
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WORKED EXAMPLE 


7 A person who weighs 500 N runs up a flight of stairs in 
5.0s (Figure 5.19). Their gain in height is 3.0 m. Calculate 
the rate at which work is done against the force of 
gravity. 


Step 1 Calculate the work done against gr^ 
work done W=F*s = 500 x 3.0 = 1500 J 

Step 2 Now calculate the power: 

1/1/ 1500 



power P- 


:300W 


t 5.0 

So, while the person is running up 
doing work against gravity at a j 
average power - perhaps three times al 
since our muscles are not very efficient, t 
be supplied with energy even faster, perhaps! 
of 1 kW. This is why we cannot run up stairs all day Ion? 
without great^ increasing the amount we eat. The 
inefficiency of our muscles^also explains.why we get hot 



Figure 5.19 Running up stairs can require a high rate 
of doing work. You may have investigated your own 
power in this way. 


etc 




Summary 

■ The work done 1/1/ when a forceJ 7 movesthrou 
displacements in the direction of the fori 

W= Fs or W=Fs cos 6 


where 6 is the angle between the 
displacement. 

A joule is def| 
transferred) 

1 m in the dire 

When an object 
ravitational p 

amount: 





done (or en^-gy 
es a dist! 

ightft, 
p increases by an 


y of mass m moving at 


he principle of conservation of energy states that, 
for a closed system, energy can be transformed to 
other forms but the total amount of energy remains 
constant. 

The efficiency of a device or system is determined 

using the equation: 

. useful output energy 

efficiency = ^-— x 100% 

total input energy 

Power is the rate at which work is done (or energy is 
transferred): 

1 / 1 / 

P = y and P-Fv 

A watt is defined as a rate of transfer of energy of one 
joule per second. 
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End-of-chapter questions 

1 In each case below, discuss the energy changes taking place: 
a An apple falling towards the ground 
b A car decelerating when the brakes are applied 
c A space probe falling towards the surface of a planet. 

2 A120 kg crate is dragged along the horizontal ground by a 200 N force acting at an angle of 30° to the 
horizontal, as shown in Figure 5.20. The crate moves along the surface with a constant velocity 
of 0.5 m s -1 . The 200 N force is applied for a time of 16s. 




weight 

Figure 5.20 For End-of-chapter QrilstiQfcL2. 

a Calculate the work done om 
the 200 N force 
the weight of the crate 
iii the normal contact force N. 

Calculate the rate of work done against the frictional force F. 

Which of the following ha?greater kinetic energy?^ 

A 20-tonne truck trailing at a speed of 30 m* -1 
A 1.2g dust particle travelling ati50KmFthrough space. 

A 950 kg sack of cement is liftelito the top of a building 50 m high by an electric motor. 

Hculate the increase in the gravitational potential energy of the sack of cement. 

The output power of l|ie mofor is 4.0 kW. Calculate how long it took to raise the sack to the top 

of the building. 

The electrical powfer transferred by the motor is 6.9kW. In raising the sack to thetopofthe building, 
now much energy is wasted in the motor as heat? 

Dower and state its unit. 

i/rite a woroequation for the kinetic energy of a moving object. 

A car of mass 1100 kg starting from rest reaches a speed of 18 m s _1 in 25 s. Calculate the average power 
developed by the engine of the car. 


[3] 

[ 2 ] 

[ 2 ] 

[ 2 ] 


[3] 

[ 2 ] 

[ 2 ] 

[3] 

[ 2 ] 

[1] 

[ 2 ] 
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AS Level Physics 


A cyclist pedals a long slope which is at 5.0° to the horizontal (Figure 5.21). The cyclist starts from rest 
at the top of the slope and reaches a speed of 12 m s _1 after a time of 67 s, having travelled 40 m dow 
the slope. The total mass of the cyclist and bicycle is 90 kg. 




clist. 

argerthan your value in i. 
ingfrom rest down a 


Figure 5.21 For End-of-chapter Question 6. 
a Calculate: 

i the loss in gravitational potential energy as he ti 

ii the increase in kinetic energy as he travels dow 
b i Use your answers to a to determine the useful pow£r outp 

ii Suggest one reason why the actual power output of th 

a Explain what is meant by work. ^ 

b i Explain how the principle of conservation of energy applies to 
vertical pole, if there is a constant force of friction acting on him 
ii The man slides down ibe pole and reacheslhe grouno after falling a distance h = 15 m. His 
potential energy at therop of the pole is 1000 J. Sketch a grapnto show how his gravitational 
potential energy E p varies with /?. Add to your graph a line to show the variation of his kinetic 
energy 

a Use the equations of giotion to show that the kinetic energy of an object of mass m moving with 
velocity vis \mv 2 . 

b A car of mass 800 kgciccelerates frorrygst to 3fpeed of 20 m s _1 in a time of 6.0s. 
i Calculate the averagejpower used to accelerate the car in the first 6.0s. 

The powerpassed by the engine^Bne car to the wheels is constant. Explain why the 
cceleration of the car decreases as the car accelerates. 

Define potential energy. 

ii^ Distinguish between gravitational potential energy and elastic potential energy. 

Seawater is trapped behind a dam at high tide and then released through turbines. The level 
of thewater trapped by the dam falls 10.0 m until it is all at the same height as the sea. 

Calculate the mass of seawater covering an area of 1.4 x 10 6 m 2 and with a depth of 10.0 m. 
(Den sity of seawater = 1030 kg rrf 3 ) 

Calculatethe maximum loss of potential energy of the seawater in i when passed through 
jrbines. 

The potential energy of the seawater, calculated in ii, is lost over a period of 6.0 hours. 
Estimate the average power output of the power station over this time period, given that 
the efficiency of the power station is 50%. 




[ 2 ] 

[3] 

[2] 

[2] 

[ 2 ] 

[ 1 ] 

[ 2 ] 

[ 1 ] 

[2] 

[3] 
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^apter6: 

Momentum 


Learning outcomes 

You should be able to: 

■ define linear momentum 

■ state and apply the principle of conservation of 
momentum to collisions in one and two dimensions 

■ relate force to the rate of change of momentum 

■ discuss energy changes in perfectly elastic and inelastic 
collisions 
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lectroi 


Figur ,_ :,j h-spefe. ■’raphofa .est. The cars 

co 1 56kmh dun - .s drivers. 


To improve the safety of cars the motion of a car 
during a crash must be understood and the forces on 
the driver minimised (Figure 6.1). In this way safer cars 
have been developed and many lives have been saved. 

In this chapter, we will explore how the idea of 
momentum can allow us to predict how objects 
move after colliding (interacting) with each other. 

We will also see how Newton’s laws of motion can be 
expressed in terms of momentum. 


The idea of momentum 

Snooker players can perform some amazing moves on the 
table, without necessarily knowing Newton s laws^of motion 
- see Figure 6.2. However, the laws of physics can help us 
understand what happens when two sn cyaker balls collide o: 
when one bounces off the side cushion of the tal 
Here are some examples of situaftms involving o 

■ Two cars collide head-on. 

■ A fast-moving car runs into the back of a si 


A footballer runs in 
A hockey stick 
A comet or an aste 
the Sun. 

The atoms of the air 
with the walls of their 


Two 


as it orbits 


r, and 


that form an electric current collide with the 
s that make up a metal wire. 

xies collide over millions of years. 

Lples, we can see that collisions are 
pening all around us, all the time. They happen on the 
microscc^ic scale of atoms and electrons, they happen in 
ur ewryday world, and they also happen on the cosmic 
scale of our Universe. 

Modelling collisions 

Springy collisions 

Figure 6.3a shows what happens when one snooker ball 
collides head-on with a second, stationary ball. The result 
can seem surprising. The moving ball stops dead. The ball 
initially at rest moves off with the same velocity as that of 
the original ball. To achieve this, a snooker player must 
observe two conditions: 


■ The collision must be head-on. (If one ball strikes a glancing 
blow on the side of the other, they will both move off at 
different angles.) 

■ The moving ball must not be given any spin. (Spin is an 
added complication which we will ignore in our present 
study, although it plays a vital part in the games of pool and 
snooker.) 


You can mimic the collision of two snooker balls in the 
Figure 6.2 If you play pool often enough, you will be able to laboratory using two identical trolleys, as shown in Figure 

predict how the balls will move on the table. Alternatively, you 6.3b. The moving trolley has its spring-load released, so 
can use the laws of physics to predict their material © Cambrid^rtter^R$^aa§^)ringy. As one trolley runs into the 
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other, the spring is at first compressed, and then it pushes 
out again to set the second trolley moving. The first trolley 
comes to a complete halt. The motion’ of one trolley has 
been transferred to the other. 

You can see another interesting result if two moving 
identical trolleys collide head-on. If the collision is springy, 
both trolleys bounce backwards. If a fast-moving trolley 
collides with a slower one, the fast trolley bounces back at 
the speed of the slow one, and the slow one bounces back 
at the speed of the fast one. In this collision, it is as if the 
velocities of the trolleys have been swapped. 


Figure 6.3 a The r^ed snooker balLcoming from wie left, has 
hit the yellow ball head-on. b You can do the same rhing with 
two trolleys in the laboratory/ 

collision 

lows anothel type JTcollision. In this case, the 
: adhesi ve pads so that they stick together when 
collision like this is the opposite of a 
igy collision like the on«rescribed above. 

! moviig trolley collides with an identical 
l move off together. After the 
collisioAdae speed of the combined trolleys is half that of 
the original trolleyrit is as if the motion of the original 
trolley hafflWnshared between the two. If a single moving 
trolley collides with a stationary double trolley (twice the 
mass), they move off with one-third of the original velocity. 

From these examples of sticky collisions, you can see 
that, when the mass of the trolley increases as a result of a 
collision, its velocity decreases. Doubling the mass halves 
the velocity, and so on. Original material © Cambridge 


Figure 6.4 If a moving trolley sticks to a station! 
they both move off together. 


1 Here are two collisions to picture in your mind. 
Answer the question fo^rch. 

Ball A, moving towards the right, collides with 
ationary ball B. Ball A bounces back; B moves 
off slowly to the right. Which has the greater 
ss, A or B? 

Trolley A, moving towards the right, collides 
ith^tationary trolley B. They stick together, 
and move off at less than half A’s original 
speed. Which has the greater mass, A or B? 


Defining linear momentum 

From the examples discussed above, we can see that two 
quantities are important in understanding collisions: 

■ the mass m of the object 

■ the velocity v of the object. 

These are combined to give a single quantity, called the 
linear momentum (or simply momentum) p of an object. 
The momentum of an object is defined as the product of 
the mass of the object and its velocity. Hence: 


momentum = mass x velocity 


p = mv 


The unit of momentum is kgms -1 . There is no special 
name for this unit in the SI system. 

Momentum is a vector quantity because it is a product 
of a vector quantity (velocity) and a scalar quantity (mass). 
Momentum has both magnitude and direction. Its direction 
tel direction of the object’s velocity. 


87 













AS Level Physics 


In the earlier examples, we described how the motion 
of one trolley appeared to be transferred to a second 
trolley, or shared with it. It is more correct to say that it 
is the trolley s momentum that is transferred or shared. 
(Strictly speaking, we should refer to linear momentum, 
because there is another quantity called angular 
momentum which is possessed by spinning objects.) 

As with energy, we find that momentum is also 
conserved. We have to consider objects which form a 
closed system - that is, no external force acts on them. The 
principle of conservation of momentum states that: 


Within a closed system, the total momentum in any 
direction is constant. 


The principle of conservation of momentum can also be 
expressed as follows: 


For a closed system, in any direction: 

total momentum of objects before collision 

= total momentum of objects afterlollisi 


WORKED EXAMPLE 


1 In Figure 6.5, trolley A of mass 0.80Kgtrave|nd^^^ 
velocity of 3.0 m s" 1 collides head-on with a station 
trolley B. Trolley BJaastwice the mass of trolley A. The 
trolleys stick together and have a common velocity 
1.0 m s" 1 after u(ie collision. Showitiat momentum is 
conserved in thffcoll 


A group of colliding objects always has as much 
momentum after the collision as it had before the collision. 
This principle is illustrated in Worked example 1. 



Figure 6.5 The state of trolleys A and B, before and after 
the collision. 




Calculate the momentum 
objects: 

a a 0.50 kg stone travelling' 
b a 25 000 kg bus travelling at 
c an electron travelling at 2.0 x 
(The mass of the electron is 9.1 x 

Two bans, each of mass 0.50 kg, collide as snfvyn in 
Figure 6.6^Show that their total monjentum before 
lision i^equal tcLtheirtotal ^omtpaim after 
thecollis&n. 


i.o m S" 1 i 

2.0% 

s -1 1.0 m s 

® \ 


(§> 


ure6.6 For Question 3. 


St£f> 1 Make a sketch using the information given in the 
question. Notice that we need two diagrams to show 
the situations, one before and one after the collision. 
Similarly, we need two calculations - one for the 
momentum of the trolleys before the collision and one 
fortheir momentum afterthe collision. 

Step 2 Calculate the momentum before the collision: 
momentum of trolleys before collision 

= m A xu A + m B xu B 
= (0.80 x 3.0) + 0 
= 2.4 kg ms -1 

Trolley B has no momentum before the collision, 
because it is not moving. 

Step 3 Calculate the momentum after the collision: 
momentum of trolleys after collision 

= (m A + m B )xv A+B 
= (0.80 + 1.60) x 1.0 
= 2.4 kg ms -1 

So, both before and after the collision, the trolleys have 
a combined momentum of 2.4 kg ms -1 . Momentum has 
been conserved. 
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Understanding collisions 

The cars in Figure 6.7 have been badly damaged by a 
collision. The front of a car is designed to absorb the 
impact of the crash. It has a crumple zone’, which 
collapses on impact. This absorbs most of the kinetic 
energy that the car had before the collision. It is better 
that the car’s kinetic energy should be transferred to the 
crumple zone than to the driver and passengers. 

Motor manufacturers make use of test labs to 
investigate how their cars respond to impacts. When a car 
is designed, the manufacturers combine soft, compressible 
materials that absorb energy with rigid structures that 
protect the car’s occupants. Old-fashioned cars had much 
more rigid structures. In a collision, they were more likely 
to bounce back and the violent forces involved were much 
more likely to prove fatal. 




Figure 6.7 The front of each car has crumpled in, as a result of 
a head-on collision. 


as being ‘springy’ or ‘sticky’. We should now use the 
correct scientific terms, perfectly elastic and inelastic. 

We will look at examples of these two tvpes of collision 
and consider what happens to linear momentum and 
kinetic energy in each. 

A perfectly elastic collision 

Two identical objects A and4$, moving at the sam#speed 
but in opposite directions, have a head-on collision, as 
shown in Figure 6.8. Each object Bounces back with its^ 
velocity reversed. This is a perfectly elastic collision^ 


before positive after 
direction 




Two t^Jes ol collision 

When two objects collide, they may crumple and deform. 

inetic energy may also disappear completely as they 
come to a halt. Tms is an example of an inelastic collision. 
Alternatively, they may spring apart, retaining all of 
their kinetic energy. This is a perfectly elastic collision. 

In practice, in most collisions, some kinetic energy is 
transformed into other forms (e.g. heat or sound) and the 
collision is inelastic. Previously we described the collisions 


Figure 6.8 Two objects may collide in different ways: this is an 
elasti^ollision. An inelastic collision of the same two objects 
hown in Figore 6.9. 


Yoif should be able to see that, in this collision, both 
momentum and kinetic energy are conserved. Before 
,the collision, object A of mass m is moving to the right 
at speed v and object B of mass m is moving to the left at 
speed v. Afterwards, we still have two masses m moving 
with speed v, but now object A is moving to the left and 
object B is moving to the right. We can express this 
mathematically as follows: 

Before the collision 

object A: mass = m velocity = v momentum = mv 

object B: mass = m velocity = -v momentum = -mv 

Object B has negative velocity and momentum because it is 
travelling in the opposite direction to object A. Therefore 
we have: 

total momentum before collision 

= momentum of A + momentum of B 
= mv+(-mv) = 0 

total kinetic energy before collision 

= k.e. of A + k.e. of B 


1 2 
4 wir = i 


= 9 mv + ^mv = mv 
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The magnitude of the momentum of each object is the 
same. Momentum is a vector quantity and we have to 
consider the directions in which the objects travel. The 
combined momentum is zero. On the other hand, kinetic 
energy is a scalar quantity and direction of travel is 
irrelevant. Both objects have the same kinetic energy and 
therefore the combined kinetic energy is twice the kinetic 
energy of a single object. 

After the collision 

Both objects have their velocities reversed, and we have: 

total momentum after collision = (-mv) + mv = 0 

total kinetic energy after collision = \mv 2 + \mv 2 = mv 2 

So the total momentum and the total kinetic energy are 
unchanged. They are both conserved in a perfectly elastic 
collision such as this. 

In this collision, the objects have a relative speed of 2v 
before the collision. After their collision, their velocities 
are reversed so their relative speed is 2v again. This is a 
feature of perfectly elastic collisions. 

The relative speed of approach is the speed ofone 
object measured relative to another. If two objects are 
travelling directly towards each other with speed v, as 
measured by someone stationary on the^ound, then eac 
object ‘sees’ the other one approaching with a sneed ol 
2v. Thus if objects are travelling inapposite directions 
add their speeds to find the relative speed. If the objects 
are travelling in the same direction theirwe subtr.a^ their 
speeds to find the relating speed. 


In a perfectly elastic coll 
relative speed of approach = rela 




■ation. 


mo men 
kinetic energy 


collision* 

two objects collide, but this time 
collision and come to a halt. 

aim the total kinetic energy 
:ion, since neither mass is 

e collision 
0 


before positive after 
direction 



Figure 6.9 An inelastic collision between two identical 
objects. The trolleys a^e stationary after the collisTlfi 

Agam^^see that momentum is conserved. However, 

kinetic energy ismot amserved^It is lost because work is 

me in deforming the two objects 

l fact, momentum is always con|£rved in all 
collisions, mere is nothing else nllo which momentum 
can bfevcpfiiverted. Kinetic energy is usually not conserved 
in a collisio^because it can be transformed into other 
forms of energy - sound energy if the collision is noisy, 
^and the energy involved in deforming the objects (which 
usually ends up as internal energy - they get warmer). Of 
course, the tbriTamount of energy remains constant, as 
escribed by the principle of conservation of energy. 


Copy Table 6.1 below, choosing the correct words 
from each pair. 


Type of collision 

perfectly 

elastic 

inelastic 

Momentum 

conserved / 
not conserved 

conserved / 
not conserved 

Kinetic energy 

conserved / 
not conserved 

conserved / 
not conserved 

Total energy 

conserved / 
not conserved 

conserved / 
not conserved 


Table 6.1 For Question 4. 


Solving collision problems 

We can use the idea of conservation of momentum to solve 
numerical problems, as illustrated by Worked example 2. 
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Chapter 6: Momentum 


WORKED EXAMPLE 


2 In the game of bowls, a player rolls a large ball 

towards a smaller, stationary ball. A large ball of mass 
5.0 kg moving at 10.0 m s" 1 strikes a stationary ball of 
mass 1.0 kg. The smaller ball flies off at 10.0 m s" 1 . 

a Determine the final velocity of the large ball after 
the impact. 

b Calculate the kinetic energy ‘lost’ in the impact. 

Step 1 Draw two diagrams, showing the situations 
before and after the collision. Figure 6.10 shows the 
values of masses and velocities; since we don’t know 
the velocity of the large ball after the collision, this is 
shown as v. The direction from left to right has been 
assigned the ‘positive’ direction. 

before i after 

positive 
_direction 

10 m s _1 


Q 


5.0 kg 1.0 kg 


Figure 6.10 When solving problems involving 
collisions, it is useful to draw diagrams showing t 
situations before and after the collision. Include th 
values of all the quantities that you k 

Step 2 Using the principle ot^onserv, 
momentum, set up an equationahd sot 
value of v: 

total momentum before collision 

= total momentum aft< 

(5.0 x 10) + (r.O x 0) = (5.0 x v) + (1.0 
i.Ov + 10 


£ speed of the large Kill decreases to 8.0 m s _1 
er the collision. Its direction of motion is 
veloofty regains positive. 

e large ball’s final velocity, 

Pulate the chanle in kinetic energy during the 
collision: 

Collision = \ x 5.0 x 10 2 + 0 = 250 J 
Wr collision = \ x 5.0 x 8.0 2 + \ x 1.0 x 10 2 
= 210 J 

k.e. ‘lost’ in the collision = 250 J - 210 J = 40 J 

This lost kinetic energy will appear as internal 
energy (the two balls get warmer) and as sound 
energy (we hear the collision between the balls). 


Figure 6.11 shows two identical ball: 
about to make a head-on collisio 
collision, ball A rebounds at a 
and ball B rebounds at a 
mass of each ball is 4.0 k 

a Calculate the momentum 
the collision 

b Calculate the momenturfT 
collision. 

Is th&jriomentum conserved in 
ba' 

Show 



£the total kinetic energy 
d in the collision 


Figure 6.11 

For Question 5. 



alls is the 



of mass 1.0 kg is moving at 2.0 m s -1 . It 
ith a stationary trolley of mass 2.0 kg. 
trolley moves off at 1.2 m s -1 . 

Draw ‘before’ and ‘after’ diagrams to show the 
situation. 

Use the principle of conservation of 
momentum to calculate the speed of the first 
trolley after the collision. In what direction 
does it move? 


Explosions and crash-landings 

There are situations where it may appear that momentum 
is being created out of nothing, or that it is disappearing 
without trace. Do these contradict the principle of 
conservation of momentum? 

The rockets shown in Figure 6.12 rise high into the sky. 
As they start to fall, they send out showers of chemical 
packages, each of which explodes to produce a brilliant 
sphere of burning chemicals. Material flies out in all 
directions to create a spectacular effect. 

Does an explosion create momentum out of nothing? 
The important point to note here is that the burning 
material spreads out equally in all directions. Each tiny 
spark has momentum, but for every spark, there is another 
moving in the opposite direction, i.e. with opposite 
momentum. Since momentum is a vector quantity, the 
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92 



mm 


jated in an^ 
is; its kinetic 


d when it 


Down to Earth 

If you push a large rock over a cliff, its speed increases as it 
falls. Where does its momentum come from^ 
lands, where does its momentum disappe 

The rock falls because of the pull of the Earths 
gravity on it. This force is its weigf 
rock accelerate towards the EaHh. Its freight ctoj^pip 
and the rock gains kinetic energy it gams moment 
downwards. Something must be galling an eqiprTamount. 
of momentum in the opposite (upwara 
the Earth, which starts to move upwards^ 
downwards. Th^^ass of the Earth is so ; 
change in velocity is small - far too small to be MicPSble. 

When the rock hits the ground, its momMim 
becoAt tne same instant, the Earth aKo stops 
moving upwards. The rocks momentum cancels out the 
arths momentum. At all times during me rock s fall and 
afUin-landin* momentum lias been conserved. 

f a rock of mass 60 kg is fallm|ftowards the Earth at a 
speed of 20 m s -1 ^ how fast is the Earth moving towards it? 

re 6.13 snows the situation. The mass of the Earth is 
6.0 x 10 24 kg. We have: 

tota^lpmenbim of Earth and rock = 0 

Hence: 

(60x^0) + (6.0 xl0 24 xv) = 0 
^B?0 x 10 -22 m s -1 

e minus sign shows that the Earth’s velocity is in the 
posite direction to that of the rock. The Earth moves very 
slowly indeed. In the time of the rock’s fall, it will move 
much less than the diameter of the nucleus of an atom! 


Figure 6.12 These exploding rockets produce a spectacula 
display of bright sparks in the night sky. ^ 


At the same time, kinetic energy is as 
explosion. Burning material flies < 
energy has come from the chemica 
stored in the chemical materials befoT 


More fireworks 

A roman candle fires^ jet of burning materiaf^p into the 
sky. This is another ^pe of explosion, but it doesrrt send 
material in all directions. Tm^irework tube directs tl^^ 
material upwards. Has^nomentumjaeen created ou^of 
nothing here? 

in, answer is n^. The chemicals have 
lomentum inwards, but althe same time, the roman 
cancffe pushes downwards on the Earth. An equal amount 
of flownwards momentum is given to the Earth. Of course, 

the Earth is massive, and \^e don’t notice the tiny change 
in its velocitywhich result 


60 kg 20 ms- 1 


10 24 kg 


mass of Earth 


6.0 x 


Figure 6.13 The rock and Earth gain momentum in opposite 
directions. 
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Chapter 6: Momentum 


Discuss whether momentum is conserved in each 
of the following situations. 

a A star explodes in all directions - a supernova. 

b You jump up from a trampoline. As you go 
up, your speed decreases; as you come down 
again, your speed increases. 

A ball of mass 0.40 kg is thrown at a wall. It strikes 
the wall with a speed of 1.5 ms -1 perpendicular to 
the wall and bounces off the wall with a speed of 
1.2ms -1 . Explain the changes in momentum and 
energy which happen in the collision between the 
ball and the wall. Give numerical values where 
possible. 


Collisions in two dimensions 

It is rare that collisions happen in a straight line - in one 
dimension. Figure 6.14 shows a two-dimensional collision 
between two snooker balls. From the multiple knages, ^e 
can see how the velocities of the two balls change: 

■ At first, the white ball is moving straight forwards. Wh 
it hits the red ball, it moves off to theTight. Its spe< 
decreases; we can see this because the images get closer 
together. 

■ The red ball moves off to the left. It moves off at a big; 
angle than the white ball, but more slowly - the i 
even closer together. 


At the same time, each ball gains momentum in 
the sideways direction, because each has a sideways 
component of velocity - the white ball to the right, and the 
red ball to the left. These must be equaUn magnitude and 
opposite in direction, otherwise we would conclude that 
momentum had been created ouUof nothing. Thejgd ball 
moves at a greater angle, but its velocity is lessjjtan fjnat of 
the white ball, so that the cor 
angles to the original track is tfte same ; 

Figure 6.15a shows the momentum of each ball befoi 
and after the collision. We can draw a ^ 
represent the Ranges of momentum in 1 


(Figure 6 . 15 fc). Th< wo momentum vectors a 
add up to equal tb Momentum of the whi; 



gie because 
ional collision. 


^^red (after) 


How can we und< 
using the ideas o 

At first, only the white baft Has momentum, an« 
is in the forward directions During the collision, fhis 
momentum is shared between the two ballsrfve can 

ise each has a component of velocity in the 
Section. 



illision 


stand what Jjappens in thilcollis 
lomentum and kinetic energv? 



^''white (after) 


►Figure 6.15 a These vectors represent the momenta of the 
colliding balls shown in Figure 6.14. b The closed vector 
triangle shows that momentum is conserved in the collision. 


Components of momentum 

Momentum is a vector quantity and so we can split it into 
components in order to solve problems. 

Worked example 3 shows how to find an unknown 
velocity. 

Worked example 4 shows how to demonstrate that 
momentum has been conserved in a two-dimensional 
collision. 


O 


O 

Figure 6.14 The white ball strikes the red ball a glancing blow. 

The two balls move off in different directorial material © Cambridge University Press 2014 
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WORKED EXAMPLES 


A white ballot mass m- 1.0 kg and moving with initial 
speed u- 0.5 m s _1 collides with a stationary red ball of 
the same mass. They move off so that each has the same 
speed and the angle between their paths is 90°. What is 
their speed? 

Step 1 Draw a diagram to show the velocity vectors of 
the two balls, before and after the collision (Figure 6.16). 
We will show the white ball initially travelling along the 
y-direction. 

y 

^red (after) 1 'A/vhite (after) 


4 Figure 6.17 shows the momentum vectors fojAarticles 
1 and 2 , before and after a collision. Shovy that 
momentum is conserved in this collisic 


'A/vhite (before) 


Figure 6.16 Velocity vectors for the white and red balls. 

Because we know that the two balls have the sarnie 
speed v , their paths must be symmet^al about fle 
y-direction. Since their paths are at 90° to oiie othe 
each must be at 45° to they-dfrection. 

Step 2 We know that momentumrs conseiy3H I in thi 
y-direction. Hence we can say: 

initial momentumgLwhite ball in y-direction 
: final component of momentum of Whitehall 

inj^lirectio 

+ final compc ftf momentum of redJaall 

in y-direction 




, is the component of v in they-direction. The 
Lthis equation has two identical 
, one for the white ball and one for the red. We can 
jation to giv 


ent of v in they-direction is vcos45°. 
including values of m and u, gives 


and hence 
0.5 


2 cos45° 


: 0.354 ms 


So each ball moves off at 0.354 m s 1 at an angle of 45° to 
the initial direction of the white ball. 
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isider momentum changes Tn they-direction. 

llisior 
sntum *3 

(because particle 1 is moving in thex-direction and 
particle 2 is stationary). 

After collision: 

component of momentum of particle 1 
L0 cos 36.9° ~ 2.40 kg m s _1 u pwa rds 

|tipnient of momentum of particle 2 
0 cos 53.1° ~ 2.40 kg m s _1 downwards 

• These components are equal and opposite and hence 
their sum is zero. Hence momentum is conserved in the 
y-direction. 

Step 2 Consider momentum changes in thex-direction. 
Before collision: momentum = 5.0 kg ms -1 to the right 
After collision: 

component of momentum of particle 1 
= 3.0 cos53.1° ~ 1.80 kg m s -1 to the right 

component of momentum of particle 2 
= 4.0 cos 36.9° ~ 3.20 kg m s _1 to the right 

total momentum to the right = 5.0 kg m s " 1 

Hence momentum is conserved in thex-direction. 

Step 3 An alternative approach would be to draw a 
vector triangle similar to Figure 6.15b. In this case, 
the numbers have been chosen to make this easy; the 
vectors form a 3-4-5 right-angled triangle. 

Because the vectors form a closed triangle, we can 
conclude that: 

momentum before collision = momentum after collision 
i.e. momentum is conserved. 
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9 A snooker ball strikes a stationary ball. The 
second ball moves off sideways, at 60° to the 
initial path of the first ball. 

Use the idea of conservation of momentum to 
explain why the first ball cannot travel in its 
initial direction after the collision. Illustrate your 
answerwith a diagram. 

10 Look back to Worked example 4 above. Draw the 
vector triangle which shows that momentum 

is conserved in the collision described in the 
question. Show the value of each angle in the 
triangle. 

11 Figure 6.18 shows the momentum vectors for two 
particles, 1 and 2, before and after a collision. 
Show that momentum is conserved in this 
collision. 


particle 1 


2.40 kg m s 


Figure 6.18 For Question 11. 

12 A snooker baj^ollides with a seco 
ball as shown in Figure^.19. 

Determine the components of the velocity of 
the first ball in thex- andy-directions 

Flence determine the components of tl 
velocity of the second ball in ■tn^Wid 
-directions. 

fence determine th^velocity (magnitude and 
i of the second ball. 




Momentum and Newton’s laws 

The big ideas of physics are often very simple; that is to 
say, it takes only a few words to express diem and they can 
be applied in many situations. However, ‘simple’ does not 
usually mean ‘easy’. Concepts sudj as force, energy and 
voltage, for example, are not immediately obvious. They 
usually took someone to make a giant leap of imagination 
to first establish them. Then tn8 community of pnysicists 
spent decades worrying away at 1 
they are the fundamental ideas whicl 
Take Isaac Newton’s work on motion? 
his ideas in a book commonly known as 1 
(see Figure 6.20); its full title translated from L m is 
Mathematical Principles vf Natural PhUosoph 




Figure 6.20 The title page of Newton’s Principia, in which he 
outlined his theories of the laws that govern the motion of 
objects. 


Figure 6.19 For Question 12. 


The Principia represents the results of 20 years of 
thinking. Newton was able to build on Galileo’s ideas and 
he was in correspondence with many other scientists and 
mathematicians. Indeed, there was an ongoing feud with 
Robert Hooke as to who was the first to come up with 
certain ideas. Among scientists, this is known as ‘priority’, 
and publication is usually taken as proof of priority. 

Newton wanted to develop an understanding of the 
idea of‘force’. You may have been told in your early 
studies of science that ‘a force is a push or a puli’. That 
doesn’t tell us very much. Newton’s idea was that forces 
are interactions between bodies and that they change the 
motion of the body that they act on. Forces acting on an 
object can produce acceleration. For an object of constant 
mass, this acceleration is directly proportional to the 
net force acting on the object. That is much more like a 
Original material © Cambridge yritet 3 ^Rlefirftit?ln of force. 


v = 0.80 kg m s 
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Understanding motion 

In Chapter 3, we looked at Newton’s laws of motion. We 
can get further insight into these laws by thinking about 
them in terms of momentum. 

Newton’s first law of motion 

In everyday speech, we sometimes say that something has 
momentum when we mean that it has a tendency to keep 
on moving of its own free will. An oil tanker is difficult 
to stop at sea, because of its momentum. We use the same 
word in a figurative sense: ‘The election campaign is gaining 
momentum/ This idea of keeping on moving is just what we 
discussed in connection with Newton’s first law of motion: 


An object will remain at rest or keep travelling at constant 
velocity unless it is acted on by an external force. 


An object travelling at constant velocity has constant 
momentum. Hence the first law is really saying that t 
momentum of an object remains the same unless |Jle 
object experiences an external force. 


If the forces acting on an object are balanced, there is 
no resultant or net force and the object’s momentum 
will remain constant. If a net force acts on anx>bject, its 
momentum (velocity and/or direction) will change. The 
equation above gives us another way oJ^tatin^fNewtohs 
second law of motion: 


The net force acting on an objec 
change of its momentum. The net! 
momentum are in the same direction. 


This statemenLeffectively defines what we me^ r ce; 

it is an interaction that causes an object’s mome 
change. So, if an o there 

must be a forc^ac nd 

direction of the fo nge of 

turn: 



Newton’s second law of motion 

Newton’s second law of motion linksJ^B|^of the 
force acting on an object and its momentum. A s 
of Newton’s second law is: 


The net force acting on an object is directly p^jportitoal 
to the rate of change of the lir^arimomentum of that 
object. The net force and the change jjimomentum are in 
the same direction. 


Hence: 

let force ate of chafige of 


taking place in a ti 
Greek let 


A p is the change in momentum 
val of At. (Remember that the 
Shorthand for ‘change in ...’, so Ap 
means tnange in momentum’.) The changes in momentum 
and force are both vector quantities, hence these two 
quantities must be in the same direction. 

The unit of force (the newton, N) is defined to make the 
constant of proportionality equal to one, so we can write 
the second law of motion mathematically as: 

f = ¥ 

At 


Step 1 Write down the quantities given: 
m = 900 kg 

initial velocity u = 5.0 m s _1 
At=12s 

Step 2 Calculate the initial momentum and the final 

momentum of the car: 

momentum = mass x velocity 

initial momentum = mu = 900 x 5.0 = 4500 kgms _1 

final momentum = mv = 900 x 30 = 27000 kgms _1 

Step 3 Use Newton’s second law of motion to 
calculate the average force on the car: 

F= — 

At 

_ 27500-4500 
12 

= 1875 N~ 1900 N 

The average force acting on the car is about 1.9 kN. 
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A special case of Newton’s second law of 
motion 

Imagine an object of constant mass m acted upon by a net 
force F. The force will change the momentum of the object. 
According to Newtons second law of motion, we have: 


F = ^ = 


mv-mu 


At t 

where u is the initial velocity of the object, v is the final 
velocity of the object and t is the time taken for the change 
in velocity The mass m of the object is a constant; hence 
the above equation can be rewritten as: 

F= m(v-u) = m ^u j 

The term in brackets on the right-hand side is the 
acceleration a of the object. Therefore a special case of 
Newton s second law is: 


We have already met this equation in Chapter 3. In 
Worked example 5, you could have determined the^verage^ 
force acting on the car using this simplified equation for 
Newton s second law of motion. Remember that the 

equation F = ma is a special case °f ^ = whi? 

applies when the mass of the object ij^mstant. 'mere ar 
situations where the mass of an object changes as itmov 
for example a rocket, which burns a phenomenal amo#1ut| 
of chemical fuel as it accelerates upwards. 



Newton’s third law of motion 

Newton s third law of motion is about interacting objects. 
These could be two magnets attracting or^epelling each 
other, two electrons repelling each oth^HitcJiNewton s 
third law states: 


When two bodies interact, the force^they ( ch 

other are equal and opposite. x 


How can we relate this to the idea of mdftientuj^hcti: 
holding twojnagnets, one in each hand. You gradua 
bring themlowards^ach other (Figure 6.21) sa that they 
start to attract each other. Each feels a force pulling it 
towards the othe^Ihe two forces am the same size, even if 
ne magnet is ^tronger than the other. Indeed, one magnet 
could be replaced by an unmagnetisea piece of steel and 
ey would still attract each other equally. 

release the magnets, mey will gain momentum 
as they are pulled towards each other. One gains 
omentum to the left while the other gains equal 
mo|nentum to the right. 

Each is acted on by the same force, and for the same 
e. Hence nRmentum is conserved. 



force of Aon I 

force of B on A 



Figure 6.21 Newton’s third law states that the forces these two 
magnets exert one each other must be equal and opposite. 


; at a velocity of 
r 15s, reaching a velocity of 

the chai^fe ilfthe momentum of the car in the 15s 
period 

: average force acting on the car as it 
ggfefates. 

14 A ball is kicked by a footballer. The average force 
on the ball is 240 N and the impact lasts for a time 
interval of 0.25 s. 

a Calculate the change in the ball’s momentum, 
b State the direction of the change in momentum. 


16 


Water pouring from a broken pipe lands on a flat 
roof. The water is moving at 5.0 m s -1 when it strikes 
the roof. The water hits the roof at a rate of 10 kgs -1 . 
Calculate the force of the water hitting the roof. 
(Assume that the water does not bounce as it hits 
the roof. If it did bounce, would your answer be 
greater or smaller?) 

A golf ball has a mass of 0.046 kg. The final velocity 
of the ball after being struck by a golf club is 50 m s -1 . 
The golf club is in contact with the ball for a time of 
1.3 ms. Calculate the average force exerted by the 
golf club on the ball. 
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Summary 


Linear momentum is the product of mass and velocity: 
momentum = mass x velocity or p-mv 
The principle of conservation of momentum: 

For a closed system, in any direction the total 
momentum before an interaction (e.g. collision) is 
equal to the total momentum after the interaction. 

In all interactions or collisions, momentum and total 
energy are conserved. 

Kinetic energy is conserved in a perfectly elastic 
collision; relative speed is unchanged in a perfectly 
elastic collision. 

In an inelastic collision, kinetic energy is not conserved 
It is transferred into other forms of energy (e.g. heat or 
sound). Most collisions are inelastic. 



Newton’s first law of motion: An 
rest or keep travelling at constant y 
acted on by an external force. 

Newton’s second law of mo 
a body is equal to the rate oUchang< 

net force = rate of change of momentum 

Newton’s third law of motion: When $ 
interact, the^ces they exert on each < 
and opposite. 

The equation F= mo iea special case of /ton’s 
second law of motion when mass m ren I constant. 



A ball of mass 2kg, moving at^Oms 1 , strikes a wall and rebounds with the same speed. State and 
explain whetherthere is a change ir 
a themomenaim< 
b the kinetic energy ofahodfell. 

pe linear momentum. 

fermine the base units of linear momentum in the SI system. 

^900 kg starting from rest has a constant acceleration of 3.5 ms -2 . Calculate its momentum 
: has travelled a distance of 40 m. 

5 twonaentical objects about to make a head-on collision. The objects stick together 
Turing the collision. Determine the final speed of the objects. State the direction in which they move. 

4.0 kg 

3.0 ms 




Figure 6.22 For End-of-chapter Question 3. 
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4 a 


Explain what is meant by an: 

i elastic collision 

ii inelastic collision. 

b A snooker ball of mass 0.35 kg hits the side of a snooker table at right angles and bounces o^ff also 
at right angles. Its speed before collision is 2.8ms -1 and its speed after is 2.5 ms -1 . Calculate 
the change in the momentum of the ball. 

c Explain whether or not momentum is conserved in the situation described in b. 

A car of mass 1100 kg is travelling at 24 m s -1 . The driver applies the brakes and tjje car decelerates 
uniformly and comes to rest in 20s. 
a Calculate the change in momentum of the car. 
b Calculate the braking force on the car. 
c Determine the braking distance of the car. 

A marble of mass 100g is moving at a speed of 0.40 m s -1 in tl 
a Calculate the marble’s momentum. 

The marble strikes a second, identical marble. Each mo’ 
b Use the principle of conservation of moment uoaT o detel 
c Show that kinetic energy is conserved in 

A cricket bat strikes a ball of mass 0.16 kg travelling towards Jt. The 
of 25 m s -1 and returns along the same path with the saifne speed. The ti 
a Determine the change in momentum of the 
b Determine the force exerte 
c Describe how the laws of con 
whether the impact is elastic 

a State the principle of conservation <JI Pthe conditions under which it is valid. 


An arrow of 
on a string 


is fired horizo 


ter Question 8. 






o thex-directior 
each marble after the collision. 

hits the bat at a speed 
act is 0.0030s. 


ply to this impact and state 


an apple of mass 0.10 kg which is hanging 


The norizontal velocity of the arrow as it enters the apple is 30 m s 1 . The apple was initially at rest 
cind the arrow sticks in the apple. 

Calculate the horizontal velocity of the apple and arrow immediately after the impact. 
Calculate the change in momentum of the arrow during the impact. 

Mi ratculate the change in total kinetic energy of the arrow and apple during the impact, 
iv An identical arrow is fired at the centre of a stationary ball of mass 0.25 kg. The collision is 
perfectly elastic. Describe what happens and state the relative speed of separation of the 
arrow and the ball. 
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